




Exploration  of  Porphyrin-­‐‑based  Semiconductors  for  Negative  Charge  Transport  
Applications  Using  Synthetic,  Spectroscopic,  Potentiometric,  Magnetic  Resonance,  and  
Computational  Methods  
by  
Jeffrey  Scott  Rawson  







Michael  J.  Therien,  Supervisor  
  
___________________________  
David  N.  Beratan  
  
___________________________  
Alvin  L.  Crumbliss  
  
___________________________  
Martin  C.  Fischer  
  
Dissertation  submitted  in  partial  fulfillment  of  
the  requirements  for  the  degree  of    
Doctor  of  Philosophy    
in  the  Department  of  Chemistry  in  the  Graduate  School  








Exploration  of  Porphyrin-­‐‑based  Semiconductors  for  Negative  Charge  Transport  
Applications  Using  Synthetic,  Spectroscopic,  Potentiometric,  Magnetic  Resonance,  and  
Computational  Methods  
by  
Jeffrey  Scott  Rawson  







Michael  J.  Therien,  Supervisor  
  
___________________________  
David  N.  Beratan  
  
___________________________  
Alvin  L.  Crumbliss  
  
___________________________  
Martin  C.  Fischer  
  
An  abstract  of  a  dissertation  submitted  in  partial  
fulfillment  of  the  requirements  for  the  degree  
of  Doctor  of  Philosophy  in  the  Department  of  







Organic  π-­‐‑conjugated  materials  are  emerging  as  commercially  relevant  
components  in  electronic  applications  that  include  transistors,  light-­‐‑emitting  diodes,  and  
solar  cells.  One  requirement  common  to  all  of  these  functions  is  an  aptitude  for  
accepting  and  transmitting  charges.  It  is  generally  agreed  that  the  development  of  
organic  semiconductors  that  favor  electrons  as  the  majority  carriers  (n-­‐‑type)  lags  behind  
the  advances  in  hole  transporting  (p-­‐‑type)  materials.  This  shortcoming  suggests  that  the  
design  space  for  n-­‐‑type  materials  is  not  yet  well  explored,  presenting  researchers  with  
the  opportunity  to  develop  unconventional  architectures.  In  this  regard,  it  is  worth  
noting  that  discrete  molecular  materials  are  demonstrating  the  potential  to  usurp  the  
preeminent  positions  that  π-­‐‑conjugated  polymers  have  held  in  these  areas  of  organic  
electronics  research.      
This  dissertation  describes  how  an  extraordinary  class  of  molecules,  meso-­‐‑to-­‐‑meso  
ethyne-­‐‑bridged  porphyrin  arrays,  has  been  bent  to  these  new  uses.  Chapter  two  
describes  vis-­‐‑NIR  spectroscopic  and  magnetic  resonance  measurements  revealing  that  
these  porphyrin  arrays  possess  a  remarkable  aptitude  for  the  delocalization  of  negative  
charge.  In  fact,  the  miniscule  electron-­‐‑lattice  interactions  exhibited  in  these  rigid  
molecules  allow  them  to  host  the  most  vast  electron-­‐‑polarons  ever  observed  in  a  π-­‐‑
conjugated  material.  Chapter  three  describes  the  development  of  an  ethyne-­‐‑bridged  
    
v  
porphyrin-­‐‑isoindigo  hybrid  chromophore  that  can  take  the  place  of  fullerene  derivatives  
in  the  conventional  thin  film  solar  cell  architecture.  Particularly  noteworthy  is  the  key  
role  played  by  the  5,15-­‐‑bis(heptafluoropropyl)porphyrin  building  block  in  the  
engineering  of  a  chromophore  that,  gram  for  gram,  is  twice  as  absorptive  as  poly(3-­‐‑
hexyl)thiophene,  exhibits  a  lower  energy  absorption  onset  than  this  polymer,  and  yet  
possesses  a  photoexcited  singlet  state  sufficiently  energetic  to  transfer  a  hole  to  this  
polymer.  Chapter  four  describes  synthetic  efforts  that  expand  the  repertoire  of  readily  
available  meso-­‐‑heptafluoropropyl  porphyrin  building  blocks.  The  findings  suggest  that  
the  remaining  challenges  to  the  exploitation  of  these  pigments  will  be  overcome  by  a  
sufficiently  firm  grasp  of  their  subtle  electronic  structures,  and  a  willingness  to  eschew  
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1. Introduction 
The  purpose  of  this  introduction  is  to  offer  a  brief  explanation  of  the  terminology  
and  the  organization  of  this  dissertation.  I  have  chosen  not  to  write  any  sort  of  
comprehensive  review,  because  it  would  become  out  of  date  quite  soon  after  
publication.  Reviews  of  all  the  subjects  covered  in  this  dissertation  are  readily  found  by  
literature  searches;  more  information  about  the  synthesis  of  multiporphyrin  arrays  can  
be  found  by  reading  the  dissertation  of  Paul  Frail,  and  the  dissertation  of  Timothy  
Duncan  contains  a  comprehensive  review  of  porphyrin  spectroscopy.  
1.1 Supermolecules 
The  chapters  of  this  dissertation  make  several  mentions  of  “supermolecules”,  but  
they  do  not  contain  an  explicit  definition  of  the  term.  In  the  context  of  this  work,  
supermolecules  are  chromophores  comprised  of  multiple  pigment  units  attached  to  each  
other  by  ethyne  bridges.  The  strong  coupling  provided  by  these  bridges  causes  the  π-­‐‑
electron  systems  of  the  individual  dye  motifs  to  merge  together,  so  that  electronic  states  
are  delocalized  over  the  entire  system.  Thus,  each  molecule  is  just  one  chromophore,  
giving  rise  to  spectroscopic  and  electronic  behaviors  that  are  not  simple  sums  of  the  
constituent  parts.  The  canonical  examples  of  this  from  within  our  research  group  are  the  
multiporphyrin  arrays,1  the  (polypyridyl)metal-­‐‑porphyrin  conjugates,2  and  the  
proquinoidal-­‐‑bridged  diporphyrins.3  
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The  term  “supermolecule”  can  lead  to  confusion  with  supramolecular  chemistry.  
In  fact,  Lehn  often  used  the  terms  supermolecule  and  supramolecule  almost  
interchangeably.4  Supramolecular  chemistry  is  defined  as  the  chemistry  of  the  
intermolecular  bond,  in  which  noncovalent  interactions  associate  two  or  more  molecules  
in  a  designed  fashion.  In  supramolecular  arrays,  the  electronic  coupling  between  
subunits  is  generally  weak,  and  supramolecular  complexes  give  rise  to  localized  
electronic  states  and  behaviors  that  trace  their  geneses  to  individual  substructures.  The  
two  distinctions  between  these  supramolecular  structures,  and  the  compounds  referred  
to  as  supermolecules  in  this  dissertation,  are  thus  i)  supramolecular  assemblies  are  held  
together  noncovalently,  while  our  supermolecules  are  single  covalently-­‐‑bonded  
molecules,  and  ii)  supramolecular  assemblies  may  feature  several  chromophores  with  
individual,  localized  electronic  structures,  while  our  supermolecules  are  single  
chromophores  with  delocalized  electronic  structures.  
1.2 Potentiometric scales and terminology 
One  significant  theme  throughout  this  work  is  the  potentiometric  manipulation  
of  π-­‐‑conjugated  molecules  to  generate  charged  species.  Chapter  two  describes  the  direct  
study  of  the  anion  radicals  of  multiporphyrin  arrays;  Chapter  three  describes  two  novel  
compounds,  distinguished  from  each  other  primarily  by  the  fact  that  one  is  capable  of  
photooxidizing  poly(3-­‐‑hexyl)thiophene;  Chapter  four  describes  the  synthesis  of  a  
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porphyrin  whose  defining  characteristic  is  redox  potentials  that  are  unusual  due  to  its  
(meso-­‐‑heptafluoropropyl)substituents.  
Throughout  these  chapters,  electrochemically-­‐‑determined  potentiometric  data  
are  reported  with  reference  to  the  ferrocene/ferrocenium  (Fc0/+)  couple,  which  was  used  
as  an  internal  standard  in  all  experiments.  Authoritative  voices  have  endorsed  the  
universal  application  of  Fc0/+  as  the  standard  reference  for  electrochemical  measurements  
performed  in  organic  solvents.5  Potentiometric  responses  were  generally  measured  
using  cyclic  voltammetry,  and  so  the  numbers  reported  are  usually  averages  (E1/2)  of  the  
voltages  at  the  anodic  (Epa)  and  cathodic  (Epc)  current  peaks.  It  is  generally  true  that  E1/2  
lies  within  a  few  millivolts  of  the  formal  potential  E0’.6    
A  classic  convention  of  inorganic  electrochemistry  is  to  present  potentiometric  
responses  as  reductions,  stemming  from  the  discipline’s  origins  in  polarography;7  this  is  
evident  in  the  symbols  still  used  for  these  potentials,  E-­‐‑/0,  E2-­‐‑/-­‐‑,  E0/+,  E+/2+,  etc.  While  these  
symbols  will  be  used  throughout  this  dissertation,  a  more  modern  convention  is  applied  
to  the  textual  descriptions  of  potentiometric  responses:  when  a  species  in  its  described  
“ground”  state  (usually  neutral)  loses  an  electron,  an  oxidation  potential  is  mentioned,  
and  when  a  species  in  its  described  “ground”  state  (usually  neutral)  gains  an  electron,  a  
reduction  potential  is  mentioned.  These  terms  provide  a  sense  of  directionality,  which  
may  be  arbitrary  in  some  cases  but  is  often  useful  to  the  reader.  
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1.3 n-Type materials 
The  projects  included  in  this  dissertation  can  all  be  contained  under  the  umbrella  
of  efforts  to  develop  next-­‐‑generation  organic  electron-­‐‑transport  media,  or,  to  rephrase,  
semiconductors  that  feature  high  negative-­‐‑charge  mobilities  or  “n-­‐‑type”  materials.  
Semiconductors  are  distinguished  as  materials  with  conductivities  between  ~100  and  ~10-­‐‑
6  S/cm;  metals  are  more  conductive  and  insulators  less  so.8    
Semiconductors  are  useful  because  there  are  often  ways  to  dynamically  
manipulate  their  conductivities,  permitting  their  use  in  transistors,  switches,  and  
sensors,  and  many  absorb  and  emit  electromagnetic  radiation.  The  most  prevalently  
used  semiconducting  materials  for  commercial  applications  remain  group  IV  elements  
such  as  silicon  and  germanium,  or  compounds  of  group  III  and  group  V  elements.  
Nevertheless,  π-­‐‑conjugated  organic  compounds  are  considered  to  be  promising  
alternatives  to  inorganic  semiconductors,  and  while  few  commercial  products  currently  
exploit  these  materials,  many  major  companies  have  organic  electronics  divisions.    
As  a  broad  generalization,  most  of  the  well-­‐‑performing  organic  semiconductors  
currently  known  transport  positive  charges  more  readily  than  they  do  negative  charges;  
they  are  thus  more  p-­‐‑type  than  n-­‐‑type.  The  line  between  p-­‐‑type  and  n-­‐‑type  organics  is  
not  sharp  or  absolute,  and  electron  mobilities  can  be  measured  for  all  of  these  materials.  
However  for  many  n-­‐‑type  applications,  the  best  known  π-­‐‑conjugated  organic  materials  
evince  electron  mobilities  too  low,  and  reduction  potentials  too  negative,  to  be  useful.  
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One  prototypical  p-­‐‑type  organic  material  is  poly(3-­‐‑hexyl)thiophene  (P3HT);  this  
polymer  has  an  oxidation  potential  of  0.36  V  and  a  reduction  potential  of  -­‐‑1.72  V  (vs  
Fc0/+,  Chapter  three).  Any  material  to  be  used  in  the  role  of  accepting  an  electron  from  
P3HT  should  have  a  reduction  potential  less  negative  than  ~-­‐‑1.6  V.  While  there  is  no  
absolute  correlation,  it  has  been  generally  found  that  materials  with  high  electron  
mobilities  are  also  those  with  more  modest  reduction  potentials.9  
1.4 Goals of the dissertation 
The  subjects  selected  for  inclusion  herein  tell  a  story  about  the  adaptation  of  
porphyrin-­‐‑derived  supermolecules  as  n-­‐‑type  materials.  My  reasons  for  pursuing  this  
research  are  simple:  n-­‐‑type  π-­‐‑conjugated  materials  are  less  prevalent  than  their  p-­‐‑type  
counterparts,  and  monodisperse  molecules  demonstrate  the  potential  to  usurp  the  place  
of  polymers  in  organic  electronics.  Meso-­‐‑to-­‐‑meso  ethyne-­‐‑bridged  porphyrin  oligomers,  in  
particular,  have  exhibited  an  adaptability  to  solid-­‐‑state  applications,10  and  in  fact  may  
represent  an  architecture  of  unrivaled  utility  for  photonic  and  electronic  functions.  
Chapter  two  describes  vis-­‐‑NIR  spectroscopic  and  magnetic  resonance  
measurements  revealing  that  these  porphyrin  arrays  possess  a  remarkable  aptitude  for  
the  delocalization  of  negative  charge.  In  fact,  the  miniscule  electron-­‐‑lattice  interactions  
exhibited  in  these  rigid  molecules  allow  them  to  host  the  most  vast  electron-­‐‑polarons  
ever  observed  in  a  π-­‐‑conjugated  material.  This  might  be  characterized  as  a  primarily  
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analytical  study  that  reveals  a  capacity  for  n-­‐‑type  applications  that  had  not  been  
heretofore  expected  of  porphyrin  derivatives.  
Chapter  three  describes  the  development  of  an  ethyne-­‐‑bridged  porphyrin-­‐‑
isoindigo  hybrid  chromophore  that  can  take  the  place  of  fullerene  derivatives  in  the  
conventional  thin  film  solar  cell  architecture.  Particularly  noteworthy  is  the  key  role  
played  by  the  5,15-­‐‑bis(heptafluoropropyl)porphyrin  building  block  in  the  engineering  of  
a  chromophore  that,  gram  for  gram,  is  twice  as  absorptive  as  poly(3-­‐‑hexyl)thiophene,  
exhibits  a  lower  energy  absorption  onset  than  this  polymer,  and  yet  possesses  a  
photoexcited  singlet  state  sufficiently  energetic  to  transfer  a  hole  to  this  polymer.  Thus,  
this  chapter  presents  a  multidisciplinary  materials-­‐‑science  study  which  points  to  the  
utility  of  porphyrin-­‐‑based  compounds  in  an  organic  electronics  application.  
Chapter  four  describes  synthetic  efforts  that  expand  the  repertoire  of  readily  
available  (meso-­‐‑heptafluoropropyl)porphyrin  building  blocks.  The  findings  suggest  that  
the  remaining  challenges  to  the  exploitation  of  these  pigments  will  be  overcome  by  a  
sufficiently  firm  grasp  of  their  subtle  electronic  structures,  and  a  willingness  to  eschew  
the  customary  strategies  of  chromophore  assembly.  This  is,  in  effect,  an  agglomeration  
of  synthetic  results,  successful  and  abortive.  Also  appearing  here  are  some  interesting  
computational  results  and  proposals  for  the  most  promising  routes  to  attain  (meso-­‐‑
heptafluoropropyl)porphyrin  arrays.  
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Historically,  dissertations  provided  the  definitive  accounts  of  the  doctoral  
research.  They  were  comprehensive,  containing  many  details  and  even  entire  projects  
that  were  not  included  in  publications.  This  has  not  been  the  goal  here;  instead  subjects  
were  selected  for  this  dissertation  based  upon  their  adherence  to  a  narrow  theme.  Two  
appear  in  very  similar  form  to  publications,  while  the  last  clearly  does  not.  Readers  who  
desire  further  information  and  insights  are  encouraged  to  consult  my  notebooks,  which  
might  occasionally  be  marginally  helpful,  or  better,  to  contact  me  directly.  My  





Figure  1.  Dr.  Dude,  as  featured  in  the  1990  pinball  game  machine  of  the  same  
name.  (Warning:  this  image  is  not  appropriate  for  the  workplace.  Dr.  Dude  is  not  a  
board-­‐‑certified  medical  doctor.)
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2. Unsurpassedly vast electron-polarons in conjugated 
porphyrin arrays  
Jeff  Rawson  synthesized  all  compounds,  designed  the  apparatus  for  and  
performed  all  reduction  experiments,  processed  and  interpreted  all  spectroscopic  data,  
orchestrated  the  calculations,  and  drafted  the  manuscript.  
Paul  J.  Angiolillo  provided  access  to  and  instruction  with  the  ESR  instrument,  
supervised  interpretation  of  ESR  data,  and  contributed  to  writing  the  manuscript.    
Michael  J.  Therien  conceived  the  study,  supervised  the  execution  of  all  
experiments,  and  wrote  the  final  version  of  the  manuscript.  
2.1 Introduction 
Organic  π-­‐‑conjugated  materials  are  approaching  commercial  success  in  devices  
such  as  photovoltaics,  field-­‐‑effect  transistors,  and  especially  light-­‐‑emitting  diodes;11  they  
are  infiltrating  spintronics  research  as  well.12  Facilitating  this  ascendance  is  the  advent  of  
structures  that  extensively  delocalize  charges  over  rigid  sp2  frameworks,  minimizing  the  
intramolecular  electron-­‐‑phonon  coupling  (internal  reorganization  energy,  λi);13,  14  this  
allows  these  organic  materials  to  accommodate  and  transmit  charges  in  spite  of  
dielectric  constants  that  are  low  (1  -­‐‑3).  Particular  current  interest  in  organic  electron  
transport  media  (n-­‐‑type  materials)9  fuels  ongoing  exploration  into  the  fundamental  
properties  of  the  electron-­‐‑polaron,  a  negatively  charged,  spin  ½  excitation  and  its  
associated  lattice  deformation.15,  16  Here,  we  describe  radical  anion  (n-­‐‑doped)  π  -­‐‑
conjugated  multiporphyrin  arrays  to  reveal  unsurpassedly  vast  electron-­‐‑polarons.  This  
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discovery  signals  that  electron-­‐‑lattice  couplings  are  extraordinarily  weak  in  n-­‐‑doped  
porphyrin  oligomers;  because  these  couplings  contribute  to  interchain  hopping  rates,17  
the  rate  and  efficiency  for  photogeneration  of  charge-­‐‑separated  states,18  and  the  strength  
of  the  hyperfine  field,19  our  findings  identify  a  conjugated  material  uniquely  suited  for  a  
broad  swath  of  commercial  and  emerging  applications.  
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2.2 Results 
The  polaron  is  the  principle  charge  carrier  in  organic  electronic  media,  as  
observed  by  electron  spin  resonance  (ESR)  measurements  on  field-­‐‑effect  devices.20,  21  The  
inverse  relationship  between  the  number  of  π-­‐‑conjugated  atoms  over  which  a  polaron  is  
delocalized  and  the  associated  λi  connects  polaron  dimension  directly  with  thermal  
barriers  to  hopping  transport.17  One  class  of  conjugated  materials  that  displays  
exceptional  transport  properties  as  evinced  by  break  junction  single  molecule  
conductance  measurements  is  meso-­‐‑to-­‐‑meso  ethyne-­‐‑bridged  (porphinato)zinc(II)  
oligomers  (PZnn,  Figure  2)22  and  related  butadiyne-­‐‑bridged  counterparts;23  indeed,  
variable-­‐‑temperature  solution-­‐‑phase  X-­‐‑band  ESR  spectroscopic  studies  of  p-­‐‑doped  PZnn  
showed  that  [PZnn]+  structures  define  the  longest  hole  polarons  yet  measured  for  a  
conjugated  material  (~7.5  nm).24  Furthermore,  2-­‐‑probe  dark  conductivity  measurements  
on  undoped  films  of  suitably  engineered  PZnn  revealed  dark  conductivities  of  3.8  ×  10-­‐‑5  
S/cm,10  greater  than  those  found  for  poly(3-­‐‑hexyl)thiophene  (3  ×  10-­‐‑7  S/cm)25  or    
  
Figure  2.  Structures  of  PZnn  structures  and  decamethylcobaltocene  (CoCp*2).  
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crystalline  polyacetylene  (1  ×  10-­‐‑5  S/cm).26  Taken  together,  these  previous  findings  
establish  exceptional  hole-­‐‑transport  capabilities  for  PZnn,  but  this  material’s  potential  for  
n-­‐‑type  applications  has  yet  to  be  explored.  
In  the  current  study,  electron-­‐‑polaron  states  of  PZnn  compounds  were  chemically  
generated  using  decamethylcobaltocene  (CoCp*2)  in  a  custom  airfree  apparatus  that  
permitted  parallel  electronic  absorption  and  ESR  spectroscopic  measurements.  For  these  
purposes,  CoCp*2  was  found  to  be  an  exemplary  reagent;  it  has  an  oxidation  potential  of  
-­‐‑1.86  V  vs  ferrocene  in  tetrahydrofuran,  weak  and  featureless  visible-­‐‑range  electronic  
absorptions,27  and,  like  cobaltocene,28  evinces  no  observable  ESR  spectrum  at  room  
temperature.  The  n-­‐‑doping  of  PZnE2  with  CoCp*2  (Figure  3)  produced  features  in  the  
electronic  absorption  spectrum  that  are  characteristic  of  a  porphyrin  anion  radical  
(electron-­‐‑polaron),  including  diminution  of  the  neutral  species  absorptions  and  the  
emergence  of  several  peaks  in  the  600-­‐‑900  nm  domain.29    
  
Figure  3.  Electronic  absorption  spectra  recorded  during  n-­‐‑doping  of  PZnE2  
with  CoCp*2  in  THF  at  room  temperature.  (inset)  ESR  spectroscopic  measurements  for  
each  doping  step.  
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Concomitant  with  the  appearance  of  these  vis-­‐‑NIR  spectral  features,  ESR  measurements  
revealed  a  paramagnetic  signal  at  g  = 2.0008±0.0002.    
The  ESR  spectra  of  D4h  porphyrins  are  broadened  by  the  Jahn-­‐‑Teller  effect  into  
Gaussian  envelopes  with  peak  to  peak  linewidths  (∆Bp-­‐‑p)  ~  2  mT  due  to  the  degeneracy  
of  the  2Eg  state.30,  31  The  ESR  spectrum  of  [PZnE2]-­‐‑,  with  ∆Bp-­‐‑p  of  under  0.6  mT  and  
partially  resolved  hyperfine  features,  reveals  that  the  two  ethyne  substituents  relieve  the  
orbital  degeneracy  sufficiently  to  obliterate  this  effect;32  microwave  power  saturation  
experiments  confirm  the  absence  of  Jahn-­‐‑Teller  mediated  spin  relaxation  for  this  species.  
For  porphyrin  anion  radicals  whose  orbital  degeneracies  are  lifted  sufficiently  to  relieve    
  
Figure  4.  Spectroscopic  measurements  recorded  during  the  electron  doping  of  PZn3  
with  permethylcobaltocene  in  THF  solvent.  The  larger  graph  plots  the  electronic  
absorption  spectra,  and  the  inset  chronicles  ESR  measurements.  Equivalents  of  
permethylcobaltocene  added  are  noted  on  the  right  side.  
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Jahn-­‐‑Teller  broadening,  the  strongest  hyperfine  interactions  are  with  peripheral  protons,  
principally  at  the  meso  positions.32  The  [PZnE2]-­‐‑  spectrum  displays  couplings  to  the  beta  
protons  proximal  to  the  ethyne  and  aryl  groups  of  -­‐‑0.56  and  0.23  mT,  respectively,  and    
density-­‐‑functional  theory  (DFT)  calculations  suggest  that  significant  spin  density  lies  on  
the  ethyne  carbons.  
   For  the  PZnn  compounds,  n-­‐‑doping  with  CoCp*2  evoked  electronic  absorptions  
between  800  –  3000  nm  [1.55  –  0.41  eV]  and  ESR  signals  whose  intensities  peaked  for  one  
electron  per  molecule  (Figure  4).  For  [PZn2]-­‐‑  and  [PZn3]-­‐‑,  further  doping  produced  a  
diamagnetic  product  with  no  absorptions  below  1200  nm;  for  [PZn5]-­‐‑  and  [PZn7]-­‐‑,  
additions  of  CoCp*2  beyond  one  electron  per  molecule  led  to  diminution  and  
broadening  of  ESR  spectra  and  reduced  NIR  peaks.  For  all  compounds  studied,  no  
further  changes  were  observed  for  n-­‐‑doping  beyond  two  electrons  per  molecule,  and  
bubbling  air  through  the  solutions  resulted  in  reversible  oxidation  to  the  neutral  PZnn  
spectra.  These  observations  are  consistent  with  the  formation  of  electron-­‐‑polarons  at  
lower  doping  levels,  with  further  doping  producing  spinless  bipolaron  species  on  
shorter  oligomers  and  side-­‐‑by-­‐‑side  polaron  pairs  on  longer  PZnn,  as  observed  previously  
for  oligofluorenes.15  An  alternating  least  squares  curve  resolution  analysis33  
deconvoluted  the  NIR  spectral  features  associated  with  [PZnn]-­‐‑,  using  the  neutral  
spectra  as  constraints  and  starting  with  concentration  profiles  derived  from  the  
integrated  ESR  intensities.    
  14  
  
Figure  5.  a.  Absorption  spectra  of  PZnn  neutral  (solid  fill)  and  anion  radical  
states  (checked  fill)  in  THF  solvent;  polaron  bands  P1  and  P2  are  labeled.  b.  
Comparison  of  electron  polaron  areas  for  PZn7  and  conjugated  polymers  poly(3-­‐‑
decyl)thiophene  (P3DT)  and  poly(9,9’-­‐‑dioctyl)fluorene  (PDOF).  For  PZn7  the  SOMO  is  
depicted  as  an  0.007  isodensity  surface  to  illustrate  the  extent  of  the  anion  radical  
state;  the  spin  density  population  is  broken  down  into  percentages  that  can  be  
assigned  to  internal  C  atoms  (no  bonds  to  H),  N  atoms,  and  Zn  atoms.  c.  Energy  level  
diagrams  for  neutral  and  n-­‐‑doped  PZn7,  with  vertical  arrows  depicting  one-­‐‑electron  
configurations  that  contribute  to  the  principle  NIR  transitions  predicted  for  [PZn7]-­‐‑  
by  TDDFT  calculations.  a)  note  that  peak  maxima  do  not  reflect  [0,0]  transition  
energies  due  to  the  vibronic  and  electronic  complexity  of  the  polaron  spectra  b)  details  
of  oscillator  strength  determination  reported  in  the  methods  section.  
The  species  associated  spectra  for  [PZn2-­‐‑7]-­‐‑  are  displayed  alongside  the  electronic  
absorption  data  for  the  neutral  compounds  in  Figure  5a.    Several  trends  are  apparent  in  
these  NIR  spectroscopic  data:  (i)  the  polaron  states  evince  two  principle  absorption  
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manifolds  of  lower  energy  than  those  of  the  neutral  oligomers,  labeled  as  P1  and  P2  in  
Figure  5a,  (ii)  the  transitions  in  the  1000  –  3000  nm  (1.24  –  0.41  eV)  spectral  window  
show  oscillator  strengths  that  increase  with  the  number  of  porphyrin  repeat  units,  
analogously  to  the  visible-­‐‑range  transitions  for  their  neutral  counterparts,  and  (iii)  the  
lowest  energy  transition  P1  for  [PZn2-­‐‑7]-­‐‑  is  progressively  redshifted  and  intensified  with  
increasing  oligomer  length.    In  the  context  of  Furukawa’s  modification34  to  the  one-­‐‑
electron  band  theory  attributed  to  Fesser,  Bishop  and  Campbell  (FBC  model),35  P1  and  P2  
may  be  interpreted  as  intragap  transitions  between  levels  whose  energies  are  associated  
with  the  degree  of  polaronic  structural  relaxation.    In  this  regard,  points  (ii)  and  (iii)  
above  are  especially  salient:  these  polaron  bands  show  dependencies  of  their  oscillator  
strengths  and  energy  maxima  upon  oligomer  length  that  remain  unsaturated  for  the  
range  of  compounds  explored  here,  implying  that  the  effective  conjugation  length  is  not  
reached,  even  for  [PZn7]-­‐‑.  
Time-­‐‑Dependent  DFT  (TD-­‐‑DFT)  calculations  using  several  common  range-­‐‑
corrected  hybrid  functionals15  show  that  the  absorption  spectra  of  [PZnn]-­‐‑  are  only  well  
represented  using  a  model  that  delocalizes  the  highest-­‐‑occupied  majority  spin  orbital  
(HOMOα)  over  the  entire  porphyrin  oligomers.  Accurate  simulations  of  the  
experimental  NIR  spectra  employed  the  LC-­‐‑ωPBE  functional,36  with  values  of  the  range-­‐‑
separation  parameter  ω  tuned  to  provide  strong  agreement  between  simulated  and  
observed  spectra.15  The  most  intense  P1-­‐‑region  transitions  are  of  HOMOα  à  LUMOα  
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character,  while  the  principle  P2-­‐‑region  transitions  are  dominated  by  HOMOβ  à  
LUMOβ  configurations  (Figure  5c).  The  complexity  of  the  experimental  spectra  is  
reflected  in  the  prediction  of  numerous  minor  transitions.  
A  direct  measure  of  electron-­‐‑polaron  dimensions  in  conjugated  materials  is  
provided  by  ESR  measurements  through  the  hyperfine  interactions  Hhf  =  Σi  AoiS    Ii  
(where  S  and  Ii  refer  to  the  electron  and  nuclear  spins,  respectively,  and  Aoi  denote  the  
isotropic  hyperfine  coupling  constants  of  spin-­‐‑carrying  nuclei).  The  ESR  spectra  for  
[PZn2-­‐‑7]-­‐‑,  displayed  in  Figure  6a,  show  unresolved  couplings  that  manifest  
approximately  Gaussian  line  shapes;  ∆Bp-­‐‑p  narrows  from  0.60  mT  for  [PZn2]-­‐‑  to  0.22  mT  
for  [PZn7]-­‐‑.  An  important  mechanism  resulting  in  line  width  narrowing  stems  from  the    
  
Figure  6.  a.  X-­‐‑band  ESR  spectra  of  PZnn  electron-­‐‑polarons  recorded  at  298  K  in  
THF  solvent.  b.  (squares)  Peak-­‐‑to-­‐‑peak  line  widths  ∆Bp-­‐‑p  from  ESR  spectroscopic  
measurements  on  PZnn  electron-­‐‑polarons  plotted  as  a  function  of  PZn  repeat  units,  
and  (dotted  line)  fit  of  ∆Bp-­‐‑p  to  the  Norris  relationship.  
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averaging  of  the  hyperfine  field  experienced  by  the  spin  system;  this  averaging  
originates  from  either  coherent  delocalization  of  the  excitation,  or  incoherent  hopping  on  
a  time  scale  more  rapid  than  that  associated  with  the  hyperfine  interaction  (>  ~1  MHz).  
Norris  has  shown  that  in  the  limit  of  stochastic,  near-­‐‑barrierless,  one-­‐‑dimensional  charge  
hopping  between  N  equivalent  sites  the  theoretical  line  width  is  given  by  ∆Bp-­‐‑p(N-­‐‑mer)  =  
(1/N1/2)∆Bp-­‐‑p(monomer).19  The  fit  to  this  relationship  for  the  ESR  line  width  
measurements  on  [PZn2-­‐‑7]-­‐‑  directly  assesses  these  spin  systems  to  extend  the  full  length  
of  their  porphyrin  oligomers  (Figure  6b).  
Time-­‐‑resolved  radiolysis  measurements  of  electron-­‐‑polarons  in  conventional  
polymers  have  estimated  spatial  extents  for  [poly(3-­‐‑decyl)thiophene]-­‐‑  (P3DT,  4.67  nm)16  
and  [poly(9,9’-­‐‑dioctyl)fluorene]-­‐‑  (PDOF,  3.55  nm)15  that  are  about  half  of  the  7.42  nm  for  
[PZn7]-­‐‑.  Note  that  the  PZnn  chain  width  is  twice  those  of  conventional  conjugated  
materials;  approximating  each  material  as  a  two-­‐‑dimensional  ribbon  (Figure  5b),  the  5.92  
nm2  area  of  [PZn7]-­‐‑  dwarfs  [P3DT]-­‐‑  (1.73  nm2)  and  [PDOT]-­‐‑  (1.41  nm2).  The  discovery  
of  anomalously  spacious  electron-­‐‑polarons  in  PZnn  compounds  reveals  that  the  electron-­‐‑
lattice  coupling  operating  upon  this  system  is  extraordinarily  weak.    
The  miniscule  electron-­‐‑lattice  coupling  in  [PZnn]-­‐‑  has  several  profound,  
application-­‐‑relevant  implications.  First,  barriers  for  self-­‐‑exchange  reactions  are  low;  
using  a  four-­‐‑point  method,37  we  calculate  λi  =  91.4  meV  for  [PZn2]-­‐‑  and  79.9  meV  for  
[PZn5]-­‐‑,  compared  with  λi  =  107  meV    for  C60.  Because  λi  can  impact  charge  mobility  in  
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the  solid  state,17  this  observation  is  significant  to  all  fields  of  organic  electronics.  Second,  
λi  contributes  to  the  total  reorganization  energy  of  electron  transfer  between  donors  and  
acceptors;  minimization  of  this  factor  expedites  charge  separations  with  minimal  driving  
forces  (-­‐‑∆G0  ~  160  meV)  in  the  photosynthetic  reaction  center.18  The  engineering  of  
photovoltaic  devices  to  exploit  low  reorganization  energies  has  been  proposed  as  a  
strategy  to  double  power  conversion  efficiencies  by  enhancing  open-­‐‑circuit  voltages  
with  no  cost  to  short-­‐‑circuit  currents.38  Third,  the  hyperfine  and  spin-­‐‑orbit  interactions  
become  negligible,  as  indicated  by  narrow  line  widths,  g-­‐‑factors  for  longer  [PZnn]-­‐‑  that  
approach  the  free  electron  value,  and  a  spin-­‐‑relaxation  time  for  [PZn5]-­‐‑  of  3.2±0.4  µs  at  
298  K;  given  even  conservative  mobilities  of  10-­‐‑3  –  10-­‐‑2  cm2/Vs,  spin  diffusion  length  
would  be  on  the  order  of  100’s  of  nm  in  [PZnn]-­‐‑.12    
2.3 Conclusion 
In  conclusion,  we  have  discovered  that  vast  electron-­‐‑polarons  can  be  generated  
in  PZnn  compounds,  as  quantified  by  ESR  measurements,  NIR  spectroscopic  data,  and  
computational  evidence.  The  unusual  dimensions  of  these  charged  defects  reveal  that  
the  intrinsic  electron-­‐‑lattice  coupling  is  extraordinarily  low  in  this  system.  In  light  of  
previous  work  which  showed  that  PZnn  structures  can  be  engineered  to  provide  spin-­‐‑
cast  films  with  optimized  conductivities  and  intermolecular  order,10  the  intrinsic  
properties  revealed  herein  are  especially  significant:  we  suggest  that  highly-­‐‑ordered  ethyne-­‐‑
bridged  chromophore  arrays  have  the  potential  to  usurp  many  of  the  roles  of  
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narrow-­‐‑chain,  flexible  and  inherently  disordered  conjugated  polymers,  ushering  in  a  new  
generation  of  conjugated  materials  inherently  suited  to  their  applications.    
2.4 Methods 
2.4.1 Experimental methods 
General  materials:  All  manipulations  were  carried  out  under  argon  previously  passed  
through  an  O2  scrubbing  tower  (Schweitzerhall  R3-­‐‑11G  catalyst)  and  a  drying  tower  
(Linde  3-­‐‑Å  molecular  sieves)  unless  otherwise  stated.  Air  sensitive  materials  were  
handled  and  stored  in  a  Braun  150-­‐‑M  glove  box.  Standard  Schlenk  techniques  were  
employed  to  manipulate  air-­‐‑sensitive  solutions,  using  10  micron  vacuum.  THF  solvent  
used  for  these  experiments  was  freshly  distilled  from  sodium/benzophenone  ketyl  
under  argon  onto  freshly  activated  molecular  sieves  and  subsequently  purged  with  
argon  gas  for  at  least  two  minutes  per  mL.  The  synthesis  of  PZnn  compounds  has  been  
reported  previously,24,  39  and  all  presented  pristine  characterization  data.  
Permethylcobaltocene  was  synthesized  by  sonicating  a  THF  suspension  of  the  
hexafluorophosphate  salt  over  sodium  metal  for  two  hours  and  sublimed  twice  before  
use.  Doping  experiments  were  performed  in  a  custom  airfree  cell  that  could  be  attached  
to  a  Schlenk  line;  an  image  of  this  apparatus  appears  in  Figure  7.  
Instrumentation:  Electronic  absorption  spectra  were  collected  using  a  Cary  5000  
spectrometer.  Deconvolution  of  the  electronic  spectral  data  from  multistep  doping  
experiments  was  performed  using  the  MCR-­‐‑ALS  toolbox33  running  in  MatlabTM.  All  
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deconvolutions  were  found  to  exhibit  negligible  rotational  ambiguity  as  determined  by  
MCR-­‐‑BANDS  analysis.40  X-­‐‑band  ESR  measurements  were  performed  using  a  Varian  E-­‐‑
109  spectrometer;  all  spectra  were  collected  at  10  mW  power  and  the  magnetic  field  was  
































Figure  7.  Airfree  tandem  vis-­‐‑NIR  and  ESR  cell  used  for  doping  of  PZnn  
molecules  with  CoCp*2.  
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2.4.2 Computational methods 
The  structures  of  PZnn  compounds  were  simplified  by  modeling  the  aryl  groups  
as  unsubstituted  phenyl  rings.  For  all  polaron  wavefunction  models  used  in  the  text,  as  
well  as  for  TDDFT  calculations,  the  structures  were  further  simplified  to  the  D2h  point  
group  by  restricting  the  individual  porphyrin  rings  to  lie  in  a  single  plane.  Optimization  
of  PZn2  with  no  symmetry  constraint  finds  an  angle  between  the  neighboring  N,N,N,N  
consensus  planes  of  26.7°,  and  for  [PZn2]−  this  angle  is  calculated  to  be  16°.  The  
consequences  of  these  small  deviations  in  interporphyrin  dihedral  angles  on  the  
electronic  structures  of  the  molecules  is  small,  and  the  planar  approximation  provides  a  
useful  qualitative  model.  For  the  calculations  of  intramolecular  electron-­‐‑phonon  
coupling  λi  models  with  no  symmetry  and  more  realistic  interporphyrin  plane  angles  
were  used  (Figure  8)  
Structure  optimizations  and  single-­‐‑point  energy  calculations  were  performed  
with  Density  Functional  Theory  (DFT)  using  Gaussian09,  Rev  C.1.41  The  Becke  three-­‐‑
parameter  hybrid42  and  the  Lee-­‐‑Yang-­‐‑Parr  correlation  functional43,  44  (B3LYP)  were  
employed  for  initial  optimizations  of  the  neutral  species.  All  calculations  employed  tight  
convergence  criteria  and  the  6-­‐‑311g  basis  set45-­‐‑53  with  two  additional  d  functions  (6-­‐‑
311G(2d))  as  implemented  in  Gaussian09.  A  polarized  continuum  solvation  model  
(SCRF=IEF-­‐‑PCM  in  Gaussian09)  with  THF  as  solvent  was  used  for  all  calculations.  
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Optimizations  of  the  electron  polaron  states  of  PZnn  were  initally  performed  
using  the  M11  functional54  with  the  default  parameters  implemented  in  Gaussian  09.  
TDDFT  calculations  using  these  structures  were  found  to  severely  overestimate  the  
energies  of  the  major  polaron  transitions  in  the  energy  range  below  1.55  eV  (800  nm),  
with  virtually  no  effect  for  oligomer  lengthening  beyond  PZn2.  Employing  the  LC-­‐‑
ωPBE36  functional  with  the  range-­‐‑separation  parameter  ω  set  to  0.05  dramatically  
improved  the  agreement  of  the  calculated  spectra  with  those  observed;  for  all  oligomers  
transition  energies  within  0.1  eV  of  major  absorption  maxima  were  modeled  using  this  
technique  (Figure  9).  A  comparison  of  the  highest  occupied  majority-­‐‑spin  orbital  
(HOMOα,  sometimes  referred  to  as  SOMO)  spatial  extents  determined  using  these  two  
functionals,  as  manifested  in  their  0.01  isodensity  surface  plots,  reveals  that  with  the  
M11  functional  the  polaron  wavefunction  is  essentially  localized  upon  the  central  
porphyrins;  in  contrast  the  LC-­‐‑ωPBE  polaron  wavefunction  extends  to  the  limits  of  the  
PZnn  frameworks  (Figure  10).  Thus  agreement  of  the  TDDFT-­‐‑calculated  transitions  with  




Figure  8.  (black  structure)  PZn2  and  (blue  structure)  [PZn2]−  modeled  using  the  LC-­‐‑
ωPBE  functional  with  range-­‐‑correction  parameter  ω  =  0.05  and  no  symmetry  
constraints.  This  view  is  down  the  ethyne  axis  to  provide  a  sense  of  the  degree  of  
deviation  from  coplanarity  in  this  system,  and  to  illustrate  the  principle  
displacements  required  in  the  relaxation  from  the  neutral  species  to  the  electron  
polaron  state.    
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Figure  9.  Comparison  of  deconvoluted  electron-­‐‑polaron  spectra  recorded  for  [PZnn]−  
in  THF  solvent  with  TDDFT-­‐‑calculated  transitions  determined  using  either  the  (blue  
circles)  M11  or  (magenta  squares)  LC-­‐‑ωPBE  functionals.  
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Figure  10.  Comparison  of  α-­‐‑HOMO  wavefunctions  calculated  for  PZnn]-­‐‑  using  
(left)  M11  functional  and  (right)  ω-­‐‑PBE  functional  with  ω   set  to  0.05.  All  orbitals  




3. Tailoring Porphyrin-based Electron Accepting 
Materials for Organic Photovoltaics 
Jeff  Rawson  designed  and  synthesized  all  novel  compounds,  performed  all  
potentiometric  and  spectroscopic  measurements,  orchestrated  and  interpreted  all  
calculations,  and  drafted  the  manuscript.  
Andrew  C.  Stuart  fabricated  and  analyzed  photovoltaic  devices,  and  contributed  
to  writing  the  manuscript.  
Wei  You  proposed  the  collaboration,  supervised  device  fabrication  and  analysis,  
and  contributed  to  writing  the  manuscript.  
Michael  J.  Therien  supervised  the  project  and  wrote  the  final  version  of  the  
manuscript.  
3.1 Introduction 
The  syntheses,  potentiometric  responses,  optical  spectra,  electronic  structural  
properties,  and  integration  into  photovoltaic  devices  are  described  for  ethyne-­‐‑bridged  
isoindigo-­‐‑(porphinato)zinc(II)-­‐‑isoindigo  chromophores  built  upon  either  electron-­‐‑rich  
10,20-­‐‑diaryl  porphyrin  (Ar-­‐‑Iso)  or  electron-­‐‑deficient  10,20-­‐‑bis(perfluoroalkyl)porphyrin  
(Rf-­‐‑Iso)  frameworks.    These  supermolecules  evince  electrochemical  responses  that  trace  
their  geneses  to  their  respective  porphyrinic  and  isoindigoid  subunits,  revealing  the  
roles  of  these  constituent  pigment  motifs  in  defining  the  potentiometrically  determined  
HOMO  and  LUMO  energies  of  Ar-­‐‑Iso  and  Rf-­‐‑Iso.  The  ethyne  linkage  motif  effectively  
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mixes  the  comparatively  weak  isoindigo-­‐‑derived  visible  excitations  with  porphrinic  π-­‐‑
π*  states;  Ar-­‐‑Iso  and  Rf-­‐‑Iso  possess  high  extinction  coefficient  (ε  ~  105  M-­‐‑1cm-­‐‑1)  long-­‐‑axis  
polarized  absorptions  and  total  visible  spectral  domain  integrated  oscillator  strengths  
that  exceed  2;  time-­‐‑dependent  density  functional  theory  calculations  highlight  the  
delocalized  nature  of  the  low  energy  singlet  excited  states  of  these  chromophores,  and  
reveal  that  the  enhancement  of  S1  state  charge-­‐‑resonance  character  for  Ar-­‐‑Iso  correlates  
with  its  augmented  degree  of  HOMO  level  destabilization  relative  to  that  determined  
for  Rf-­‐‑Iso.  These  exceptional  electronic  characteristics  endow  Ar-­‐‑Iso  and  Rf-­‐‑Iso  with  
total  absorptivities  per  unit  mass  that  greatly  exceed  that  for  poly(3-­‐‑hexyl)thiophene  
(P3HT)  over  the  375-­‐‑900  nm  wavelength  range  where  solar  flux  is  maximal,  highlighting  
how  coupled  oscillator  photophysics  can  yield  OPV  materials  having  absorptive  
properties  that  supersede  those  of  conventional  semiconducting  polymers.    While  both  
these  supermolecules  manifest  LUMO  levels  poised  for  exergonic  electron  transfer  (ET)  
from  photoexcited  poly(3-­‐‑hexyl)thiophene  (1P3HT*),  the  
[(perfluoroalkyl)porphinato]zinc  unit  of  Rf-­‐‑Iso  engenders  the  electronically  excited  state  
of  this  chromophore  (1Rf-­‐‑Iso*)  with  an  excited  state  oxidation  potential  (E-­‐‑/*)  sufficient  to  
drive  hole  transfer  (HT)  from  ground-­‐‑state  P3HT.  Prototype  organic  photovoltaic  
devices  (OPVs)  crafted  from  the  P3HT  donor  and  these  new  materials  (i)  confirm  that  
solar  power  conversion  depends  critically  upon  the  driving  force  for  photoinduced  HT  
from  these  low-­‐‑bandgap  acceptors,  and  (ii)  underscore  the  importance  of  the  E-­‐‑/*  
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parameter  as  a  general  design  criterion  for  low-­‐‑bandgap  acceptors  for  OPVs.  Because  
Rf-­‐‑Iso  possesses  both  a  ground-­‐‑state  reduction  potential  appropriate  for  photoinduced  
ET  with  1P3HT*,  and  an  excited-­‐‑state  reduction  potential  appropriate  for  photoinduced  
HT  with  ground-­‐‑state  P3HT,  OPVs  constructed  from  Rf-­‐‑Iso  and  poly(3-­‐‑hexyl)thiophene  
define  rare  examples  whereby  the  acceptor  material  extends  the  device  operating  
spectral  range  into  the  NIR.  This  work  demonstrates  for  the  first  time  that  high  oscillator  
strength  porphyrinic  chromophores,  conventionally  utilized  as  electron  donors  in  OPVs,  
can  also  be  exploited  as  electron  acceptors.  
A  principal  challenge  in  the  design  of  next  generation  organic  photovoltaics  
(OPVs)  lies  in  engineering  materials  that  provide  high  absorptivity  (extinction  
coefficient  ε  >  104  M-­‐‑1cm-­‐‑1)  over  the  spectral  range  corresponding  to  the  solar  irradiance  
spectrum  at  the  earth’s  surface.  The  Air  Mass  1.5  (AM1.5)  solar  irradiance  spectrum  
provides  a  measure  of  the  sun’s  energy  to  reach  earth’s  surface  in  units  of  Wm-­‐‑2nm-­‐‑1;  it  
is  most  intense  (>  0.75  Wm-­‐‑2nm-­‐‑1)  between  375  nm  and  900  nm,  and  66%  of  the  total  
flux  lies  within  this  range.55  Because  of  the  inverse  proportionality  between  film  
thickness  and  charge  collection  efficiency,  there  is  a  motivation  to  craft  OPV  films  that  
are  thinner  than  100  nm,  yet  capable  of  capturing  most  of  the  incident  375-­‐‑900  nm  
light.56-­‐‑58  Optimizing  the  absorptive  oscillator  strength  of  electron  donor  (D)  and  
acceptor  (A)  materials  over  the  375-­‐‑900  nm  spectral  domain  is  thus  critical  to  next-­‐‑
generation  OPV  design.  
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Poly(3-­‐‑hexylthiophene)  (P3HT)  and  phenyl-­‐‑C61-­‐‑butyric  acid  methyl  ester  
(PCBM)  are  the  best  studied  OPV  materials  and  continue  to  stand  as  benchmarks  in  this  
field.59-­‐‑61  The  development  of  new  polymers  with  lower  optical  bandgaps  and  larger  per  
mass  absorptivities  than  those  of  P3HT  has  advanced  rapidly,62-­‐‑68  and  devices  that  blend  
these  polymers  with  fullerene  electron  acceptors  have  achieved  power  conversion  
efficiencies  (η)  as  high  as  9.2%  for  single  junction,65  and  10.6%  for  tandem  devices.69  
Great  strides  have  been  made  using  monodisperse  alternatives  to  polymeric  materials,70-­‐‑
77  culminating  in  the  recent  disclosure  of  an  8.9%  efficient  solar  cell  that  employed  a  
silolodithiophene-­‐‑derived  donor  and  phenyl-­‐‑C71-­‐‑butyric  acid  methyl  ester  acceptor.77    
Considerably  less  progress  has  been  made  toward  designing  new  organic  
acceptor  materials  that  might  replace  fullerenes,  and  summaries  of  the  state  of  the  art  in  
OPV  development  sometimes  ignore  this  category  altogether.78,  79  The  immaturity  of  
efforts  in  this  area  contrasts  the  potential  impact  of  molecular  electron  acceptors  that  
absorb  broadly  over  the  vis-­‐‑NIR  spectral  domain  at  high  oscillator  strength,  as  fullerenes  
such  as  PCBM  are  characterized  by  faint  visible-­‐‑range  electronic  transitions  that  are  
known  to  contribute  negligibly  to  photocurrent.58  Electron-­‐‑deficient  pigments  such  as  
perylene  diimide,80  boron  perfluorosubphthalocyanine,81  isoindigo,  or  
perfluoralkylporphyrins82-­‐‑84  are  characterized  by  S0→S1  transitions  in  the  range  of  500-­‐‑
600  nm  with  ε  on  the  order  of  104  Lmol-­‐‑1cm-­‐‑1.  When  these  easily  reduced  pigments  are  
coupled  to  electron-­‐‑rich  moieties  such  as  thiophene  derivatives85-­‐‑87  or  amine  groups88,  89,  
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push-­‐‑pull  chromophores  result  that  can  have  NIR  intramolecular  charge  transfer  (ICT)  
absorption  bands  with  onsets  as  low  as  800  nm  and  maxima  as  large  as  ~5×104  Lmol-­‐‑
1cm-­‐‑1.  The  spectral  characteristics  of  these  push-­‐‑pull  chromophores  are  impressive;  
however,  when  they  are  employed  as  acceptor  materials  in  OPVs,  it  is  often  found  that  a  
negligible  portion  of  the  devices’  photocurrent  can  be  attributed  to  acceptor  excitation.86  
A  potent  alternative  method  for  crafting  high  oscillator  strength,  broad  spectral  
domain  absorbers  involves  coupling  multiple  pigment  motifs  via  ethyne  bridges  in  a  
manner  that  aligns  their  component  transition  dipoles.1,  3,  10,  22,  24,  39,  90-­‐‑99,2,  100-­‐‑105  Such  
coupled-­‐‑oscillator  architectures,  composed  of  building-­‐‑block  pigments  capable  of  
significant  charge-­‐‑resonance  interactions,  provide  supermolecular  chromophores  that  
exhibit  large  polarizabilities  and  hyperpolarizabilities,  and  electronically  excited  states  
that  manifest  extensive  spatial  delocalization.  With  respect  to  designing  a  
supermolecular  electron  acceptor  (A)  for  OPV  applications,  additional  considerations  
include:  (i)  an  acceptor  LUMO  level  (an  A-­‐‑/0  potential)  appropriate  for  electron  transfer  
(ET)  from  the  photoexcited  donor  (1D*),  (ii)  a  corresponding  electronic  excited  state  (1A*)  
having  sufficient  thermodynamic  driving  force  (an  A-­‐‑/*  potential)  to  facilitate  1A*-­‐‑to-­‐‑D  
hole  transfer  (HT),  and  (iii)  high  oscillator  strength  absorptivity  across  a  broad  range  of  
vis-­‐‑NIR  wavelengths.  
Porphyrin  derivatives  are  well  known  for  their  strong  coloration,  and  the  
prevalence  of  this  motif  in  biological  light-­‐‑harvesting  structures  has  inspired  
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incorporation  of  this  conjugated  unit  into  a  wealth  of  functional  materials.106,  107  One  
strategy  for  augmenting  the  distribution,  breadth,  and  intensities  of  the  porphyrin-­‐‑
derived  absorption  bands  is  to  extend  the  conjugated  framework  by  attaching  various  
aromatic  groups  using  ethyne  bridges  at  the  macrocycle  meso  positions.108-­‐‑110,111-­‐‑118  Some  
such  ethyne-­‐‑extended  porphyrins  have  been  employed  as  donor  materials  in  OPVs,119-­‐‑123  
as  well  as  dye  sensitized  solar  cells.124-­‐‑128  The  porphyrin  motif  has  been  heretofore  
unrepresented  as  an  OPV  molecular  acceptor  due  to  its  inherently  electron-­‐‑rich  nature;  
congruent  with  this  fact,  the  few  reported  attempts  to  achieve  charge  separation  in  
porphyrin/P3HT  blends  did  not  meet  with  success  (for  example,  such  exemplary  OPVs  
showed  power  conversion  efficiencies  <  0.01%).129,  130  Electron-­‐‑deficient  meso-­‐‑
(perfluoroalkyl)porphyrins,  characterized  by  energy  levels  suitable  for  application  to  the  
molecular  acceptor  problem  have  been  devised;82-­‐‑84,  131-­‐‑133  while  such  structures  have  been  
incorporated  into  supermolecular  chromophores,39  they  have  yet  to  be  conjugated  to  
complementary  electron-­‐‑poor  pigment  motifs.  
N,N’-­‐‑dialkyl  isoindigo  and  related  structures  define  an  emergent  class  of  
technologically  important  electron-­‐‑deficient  chromophores;134-­‐‑136  for  example,  isoindigo  
has  served  as  a  building  block  for  n-­‐‑type  and  ambipolar  polymers  that  possess  electron  
mobilities  as  high  as  0.6  cm2  V-­‐‑1  s-­‐‑1.137-­‐‑140  While  this  structural  motif  has  become  quite  
common  in  donor  polymers141-­‐‑158  and  small  molecules87,  159-­‐‑166  for  OPVs,  there  is  only  one  
report  of  isoindigo  polymers  being  used  as  OPV  acceptor  materials.167  Isoindigo,  while  a  
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classic  dye  motif,  possesses  modest  vis-­‐‑spectral  domain  oscillator  strength;168  
incorporation  of  the  isoindigo  motif  into  electron  accepting  materials  for  OPVs  is  further  
discouraged  by  the  rapid  depopulation  of  its  excited  state  due  to  fast  nonradiative  
decay.168    
We  report  herein  supermolecular  chromophores  based  on  ethyne-­‐‑linked  
(porphinato)zinc  (PZn)  and  isoindigo  (Iso)  units  that  exhibit  intense  panchromatic  
absorptions,  long-­‐‑lived  S1  states,  and  LUMO  energy  levels  suitably  poised  for  
photoinduced  electron  transfer  from  P3HT.  Because  these  materials  feature  higher  
absorptivities  per  unit  mass  than  P3HT  in  the  critical  375-­‐‑900  nm  window,  they  have  the  
potential  to  contribute  significantly  to  light  harvesting  in  OPVs.  The  availability  of  both  
electron  rich  meso-­‐‑diarylporphyrin  and  electron  deficient  meso-­‐‑
bis(perfluoralkyl)porphyrin  building  blocks  allows  the  ready  syntheses  of  two  
archetypal  PZn-­‐‑Iso  chromophores,  [5,15-­‐‑bis(N,N’-­‐‑bis(2-­‐‑ethylhexyl)-­‐‑6-­‐‑
isoindigoyl)ethynyl-­‐‑10,20-­‐‑bis(2,6-­‐‑(3,3-­‐‑dimethyl-­‐‑1-­‐‑butyloxy)phenyl)porphinato]zinc(II)  
(Ar-­‐‑Iso)  and  [5,15-­‐‑bis(N,N’-­‐‑bis(2-­‐‑ethylhexyl)-­‐‑6-­‐‑isoindigoyl)ethynyl-­‐‑10,20-­‐‑
bis(heptafluoropropyl)porphinato]zinc(II)  (Rf-­‐‑Iso).  The  isoindigo  moiety  in  these  
chromophores  determines  the  A-­‐‑/0  potential;  because  the  [5,15-­‐‑
bis(perfluoralkyl)porphinato]zinc(II)  unit  possesses  a  HOMO  level  ~0.3  eV  stabilized  
with  respect  to  that  of  [5,15-­‐‑diphenylporphinato]zinc(II),39,  83  Ar-­‐‑Iso  and  Rf-­‐‑Iso  permit  
direct  evaluation  of  the  significance  of  the  chromophore  excited  state  reduction  potential  
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(A-­‐‑/*)  as  a  design  parameter  in  OPVs  where  the  acceptor’s  absorptive  properties  strongly  
contribute  to  the  photocurrent.  This  study  illustrates  how  manipulation  of  coupled  
oscillator  photophysics  can  yield  conjugated  acceptor  materials  that  feature  visible-­‐‑light  
absorptivities  that  supersede  those  of  conventional  semiconducting  polymers  and  
electronically  excited  states  that  possess  large  driving  forces  for  photoinduced  hole  
transfer;  furthermore,  this  work  demonstrates  for  the  first  time  that  high  oscillator  
strength  porphyrinic  chromophores,  conventionally  used  as  electron  donors,  can  also  be  
exploited  as  electron  acceptors  in  OPVs.  
  
  
Figure  11.  Structures  of  chromophores  Rf-­‐‑Iso  and  Ar-­‐‑Iso,  key  precursor  
molecules,  and  benchmark  OPV  materials.  
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3.2 Results and Discussion 
3.2.1 Supermolecular Chromophores Ar-Iso and Rf-Iso  
The  molecular  structures  of  Ar-­‐‑Iso  and  Rf-­‐‑Iso  are  shown  in  Figure  11.  Figure  12  
displays  the  electronic  absorption  spectra  acquired  over  the  375-­‐‑850  nm  spectral  domain  
for  supermolecular  acceptors  Ar-­‐‑Iso  and  Rf-­‐‑Iso,  and  the  classic  OPV  benchmark  
materials,  P3HT  and  PCBM.  Electronic  absorption  spectra  recorded  for  the  Ar-­‐‑Iso  and  
Rf-­‐‑Iso  chromophoric  building  blocks  are  displayed  in  the  Supporting  Information.  To  
facilitate  quantitative  absorptivity  comparisons  between  these  molecular  and  benchmark  
polymeric  materials,  the  Figure  12  spectra  are  reported  in  units  of  (absorbance    L)/(g    
cm);  this  expresses  the  intrinsic  light  harvesting  capacity  of  these  materials  on  a  basis  of  
direct  relevance  to  device  applications,  where  compositions  are  typically  reported  as    
  
Figure  12.  (bottom)  Electronic  absorption  spectra  of  Rf-­‐‑Iso,  Ar-­‐‑Iso,  P3HT,  and  
PCBM  in  THF  solvent  normalized  by  mass.  (top)  Integrated,  mass-­‐‑normalized  
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absorption  spectra  of  these  chromophores  determined  over  the  375  -­‐‑  850  nm  spectral  
range.  
weight  ratios.169  To  permit  comparisons  of  the  total  visible  range  absorptivity  per  unit  
mass,  integrations  of  these  spectra  from  375  –  850  nm  are  depicted  in  the  upper  panel  of  
Figure  12.  Note  that  Ar-­‐‑Iso  and  Rf-­‐‑Iso  provide  high  intrinsic  absorptivity  over  the  375  –  
850  nm  window  relative  classic  OPV  donor  and  acceptor  chromophores:  as  evident  in  
the  Figure  12  data,  Ar-­‐‑Iso  and  Rf-­‐‑Iso  feature  mass-­‐‑normalized  absorbances  
approximately  twice  that  of  P3HT,  and  over  23  times  that  manifest  by  PCBM  (Figure  
12).    
Rf-­‐‑Iso  and  Ar-­‐‑Iso  evince  Q-­‐‑state  derived  transitions  centered  at  652  and  716  nm,  
respectively;  note  that  the  extinction  coefficients  for  these  absorptive  maxima  exceed  105  
M-­‐‑1cm-­‐‑1  (Table  1).  The  high  oscillator  strengths  of  these  absorptions  (f    >  0.3;  Table  1)  
derive  from  frontier  orbital  degeneracies  for  these  supermolecules  which  are  greatly    
Table  1.  Absorption  Band  Maxima,  Energies,  Extinction  Coefficients,  Full  
Widths  at  Half  Maximum  (FWHM),  and  Oscillator  Strengths  of  PZn-­‐‑Isoindigo  
Compounds  and  Chromophoric  Benchmarks  in  THF  Solvent.  
 B-band region Q-band region total 
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-- 0.078 e 1.334 a 
Ar-Iso 442 22624 5.27 2143 1.994 f 716 13966 4.97 1547 0.514 g 2.508 a 
Rf-Iso 472 21186 5.22 3278 2.077 h 652 15337 4.95 903 0.318 i 2.395 a 
a  Oscillator  strengths  calculated  over  the  375-­‐‑850  wavelength  domain.  b  
Oscillator  strength  calculated  over  the  375-­‐‑445  wavelength  domain.  c    Oscillator  strength  
calculated  over  the  445-­‐‑  850  wavelength  domain.  d    Oscillator  strengths  calculated  over  
the  375-­‐‑485  wavelength  domain.  e    Oscillator  strengths  calculated  over  the  485-­‐‑850  
wavelength  domain.  f    Oscillator  strength  calculated  over  the  375-­‐‑608  wavelength  
domain.  g    Oscillator  strength  calculated  over  the  608-­‐‑850  wavelength  domain.  h    
Oscillator  strength  calculated  over  the  375-­‐‑587  wavelength  domain.  i    Oscillator  strength  
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Figure  13.  Frontier  orbitals  plotted  as  0.02  isodensity  surfaces  for  (left)  Ar-­‐‑Iso  
and  (right)  Rf-­‐‑Iso,  along  with  a  diagram  comparing  their  calculated  energies.    
Percentages  are  the  coefficients  of  each  molecular  orbital  contributed  by  porphyrin  
(PZn)  and  isoindigo  (Iso)  atoms,  excluding  ethyne  carbons,  determined  by  population  
analysis.  
diminished  (Figure  13)  compared  with  their  respective  parent  (porphinato)zinc  (PZn)  
building  blocks,  Ar-­‐‑ETIPS  and  Rf-­‐‑ETIPS  (Figure  14),  leading  to  modest  degrees  of  
configuration  interaction  for  their  lowest  energy  electronic  transitions.  Time-­‐‑dependent  
DFT  calculations  confirm  the  long-­‐‑axis  polarizations  of  these  supermolecular  Q-­‐‑state    
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Figure  14.  a)  Absorption  spectra  (solid  lines)  and  emission  spectra  scaled  to  the  
S1  absorption  peak  (dashed  lines)  for  monomeric  porphyrins  Ar-­‐‑ETIPS  (magenta)  and  
Rf-­‐‑ETIPS  (cyan);  b)  energy  level  diagram  depicting  the  four  frontier  orbitals  of  Ar-­‐‑
ETIPS;  c)  energy  level  diagram  depicting  the  four  frontier  orbitals  of  Rf-­‐‑ETIPS.  
(wavefunctions  plotted  as  isodensity  0.02  surfaces).    Symmetry  labels  for  the  D2h  point  
group  have  been  applied.  
derived  transitions.    This  reduction  in  configuration  interaction  relative  to  that  evident  
for  the  parent  PZn  framework  is  particularly  dramatic  for  Rf-­‐‑Iso:  note  all  major  vis-­‐‑
spectral  domain  transitions  for  this  chromophore  lie  parallel  to  its  long  axis,  whereas  for  
Rf-­‐‑ETIPS,  x-­‐‑  and  y-­‐‑polarized  excitations  contribute  approximately  equally  to  the  
transitions  that  lie  in  this  spectal  region  (Figure  15).  Commensurate  with  this  
reorientation  of  the  principal  optical  axis  in  Rf-­‐‑Iso,  a  dramatic  increase  of  Q-­‐‑domain    
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Figure  15.  Transition  dipole  moments  of  major  excitations  for  Rf-­‐‑ETIPS,  Iso,  
Ar-­‐‑ETIPS,  Rf-­‐‑Iso,  and  Ar-­‐‑Iso  plotted  over  their  molecular  structures  to  illustrate  the  
oscillator  polarizations.  Vectors  were  taken  from  TDDFT  calculations  using  B3LYP  
functional  and  6-­‐‑311+G  basis  set;  they  were  scaled  for  visibility  on  a  consistent  basis  
for  all  molecules  and  plotted  using  the  molecule  centers  as  the  origins.    Note  that  the  
lengths  of  these  vectors  are  proportional  to  the  predicted  oscillator  strengths,  and  the  
wavelengths  of  these  transitions  are  given  to  the  right  of  each  structure.    Throughout  
the  text,  the  X-­‐‑axis  is  defined  as  the  horizontal  direction,  the  Y-­‐‑axis  as  the  vertical,  and  
the  Z-­‐‑axis  as  normal  to  the  plane  of  the  page  as  these  structures  are  oriented.  
absorptive  oscillator  strength  relative  to  the  Rf-­‐‑ETIPS  benchmark  is  also  evident  (Table  
1).  In  these  Rf-­‐‑Iso  and  Ar-­‐‑Iso  supermolecules,  the  Iso  units  direct  significant  
redistributions  of  PZn-­‐‑derived  oscillator  strength  due  to  the  head-­‐‑to-­‐‑tail  alignment  of  
the  PZn  and  Iso  low  energy  transition  dipoles  and  the  substantial  interactions  between  
the  Iso  and  5,15-­‐‑diethynyl(porphinato)zinc  fragment  frontier  orbitals  (Figure  13).2,  98,  100-­‐‑
105,  170    
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The  spatial  distributions  of  the  frontier  orbital  wavefunctions,  and  the  first  
excited  state  electron  density  difference  maps  for  the  Rf-­‐‑Iso  and  Ar-­‐‑Iso  supermolecules,  
reveal  that  Ar-­‐‑Iso  features  significantly  more  charge  resonance  character  in  its  low-­‐‑lying    
  
Figure  16.  Frontier  molecular  orbitals  and  first  excited  state  density  differences  
for  Ar-­‐‑Iso  and  Rf-­‐‑Iso  plotted  as  0.02  (orbitals)  and  0.002  (densities)  isodensity  
surfaces.  Percentages  reflect  the  ratio  of  orbital  coefficients  contributed  from  either  
the  PZn  or  Iso  fragments,  excluding  ethyne  carbons,  as  determined  by  population  
analysis.  
singlet  excited  state  relative  to  Rf-­‐‑Iso  (Figure  16).  In  spite  of  the  strong  coupling  
provided  by  the  ethyne  bridges,  the  energetic  mismatch  between  the  PZn  and  Iso  
fragment  energy  levels  restricts  the  extent  of  electronic  delocalization  within  the  frontier  
orbitals;  note  that  Iso  atom-­‐‑derived  electron  density  contributes  only  20%  to  the  Ar-­‐‑Iso  
HOMO  amplitude,  but  78%  to  the  corresponding  Ar-­‐‑Iso  LUMO  amplitude.  
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Photoexcitation  of  Ar-­‐‑Iso  thus  redistributes  electron  density  from  the  PZn  to  the  Iso  
unit,  giving  rise  to  a  delocalized  S1  state  having  substantial  charge  resonance  character.  
Due  to  the  σ-­‐‑electron  withdrawing  character  of  the  meso-­‐‑perfluoroalkyl  substituents,  the  
HOMO  and  LUMO  of  the  [5,15-­‐‑bis(perfluoralkyl)porphinato]zinc(II)  unit  are  
equivalently  stabilized  by  ~0.3  eV  relative  to  the  corresponding  orbitals  of  [5,15-­‐‑
diphenylporphinato]zinc(II);39,  82,  83,  133  as  a  result,  the  Rf-­‐‑Iso  frontier  orbitals  feature  
similar  wavefunction  amplitude  contributions  from  the  PZn  and  Iso  building  blocks.  
Likewise,  the  first  excited  state  electron  density  difference  map  for  Rf-­‐‑Iso  resembles  that  
of  a  classic,  delocalized  π-­‐‑  π*  electronic  transition.  While  the  S1  state  electron  density  
distributions  differ  for  Rf-­‐‑Iso  and  Ar-­‐‑Iso,  these  chromophores  possess  significant  and  
similar  Q-­‐‑state  derived  transition  oscillator  strengths  (Table  1),  congruent  with  large  
dispersions  of  their  frontier  orbital  energy  levels  (Figure  13).110,  171  
Figure  17  displays  electronic  absorption  spectra  of  films  of  Ar-­‐‑Iso  and  Rf-­‐‑Iso  
drop-­‐‑casted  from  THF  solutions.  The  low-­‐‑energy  absorption  band  maxima  observed  for  
the  Ar-­‐‑Iso  (739  nm)  and  Rf-­‐‑Iso  (685  nm)  films  lie,  respectively,  1292  and  1732  cm-­‐‑1  to  the    
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Figure  17.  Electronic  spectra  of  Ar-­‐‑Iso  and  Rf-­‐‑Iso  thin  films  drop  casted  from  
THF  solution  onto  quartz  slides;  peak  absorption  wavelengths  are  labeled;  dashed  
lines  mark  absorption  onset  wavelengths.  
red  of  their  corresponding  Q-­‐‑state-­‐‑derived  transitions  in  solution,  consistent  with  
significant  π-­‐‑cofacial  intermolecular  interactions  in  the  solid  state.87,  172  The  greater  thin  
film  transition  red-­‐‑shift  observed  for  Rf-­‐‑Iso  is  congruent  with  its  sterically  
unencumbering  meso-­‐‑perfluoroalkyl  substituents:  the  2’,6’-­‐‑disubstituted  meso-­‐‑aryl  
substituents  of  Ar-­‐‑Iso  partially  shroud  the  porphyrin  plane  and  attenuate  the  extent  of  
intermolecular  interactions  in  the  thin  film.10  Importantly,  the  solid-­‐‑state  absorption  
spectral  onset  (Eg)  for  Ar-­‐‑Iso  and  Rf-­‐‑Iso  are  1.571  eV  and  1.687  eV,  respectively,  
significantly  below  the  ~1.9  eV  onset  for  P3HT.  
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Figure  18.  Cyclic  voltammograms  in  THF  solvent  for  (A)  Ar-­‐‑Iso  and  (B)  Rf-­‐‑Iso  
compared  with  those  of  their  Iso  and  PZn  subunits.    [analyte]  ~  1mM;  [Bu4NPF6]  =  0.1  
M;  scan  rate  =  100-­‐‑200  mV/s;  pseudoreference  electrode  =  Ag/AgCl3.5  M  NaCl;  Fc/Fc+  
used  as  internal  standard.  
  44  
  
Table  2.  Electrochemically  determined  potentiometric  data  in  THF  solvent  or  
thin  films  referenced  to  Fc/Fc+  internal  standard.  
compound Iso-/0 Iso-/2- PZn-/0 PZn0/+ 
Iso -1.389  -1.792  n/a n/a 
Ar-ETIPS n/a n/a -1.830  --b 
Rf-ETIPS n/a n/a -1.361  --c 
Ar-Iso (THF) -1.248  -1.633  -2.078  0.353 
Ar-Iso (film) -1.234 -- d -- d 0.300 
Rf-Iso (THF) -1.218  -1.711  -1.435  -- c 
Rf-Iso (film) -1.204 -- d -- d 0.757 
a.    Experimental  conditions:  [chromophore]  =  1  –  3  mM;  scan  rate  =  200  mV/s;  
pseudoreference  electrode  =  Ag/AgCl;  solvent  =  THF  /  0.1  M  NBu4PF6    b.    Oxidation  not  
measured.  c.    Oxidation  lay  outside  the  solvent’s  electrochemical  window.  d  Only  first  
reduction  is  reported.  
  
The  potentiometric  data  acquired  for  these  compounds  determined  in  THF  
solvent  reveal  responses  that  trace  their  genesis  to  the  redox  processes  of  their  respective  
chromophoric  subunits  (Table  2;  Figure  18).  The  cathodic  electrochemistry  for  Ar-­‐‑Iso  
and  Rf-­‐‑Iso  display  two  isoindigo-­‐‑centered  1-­‐‑electron  reduction  events;  cyclic  
voltammetric  data  show  that  for  Ar-­‐‑Iso,  these  Iso-­‐‑/0  and  Iso2-­‐‑/-­‐‑  redox  processes  occur  at  
higher  potential  than  that  for  the  (porphinato)zinc(II)-­‐‑centered  1-­‐‑electron  reduction  
[E1/2(PZn-­‐‑/0)  =  -­‐‑2.078  V];  in  contrast,  for  Rf-­‐‑Iso,  the  potentials  of  these  two  Iso-­‐‑centered  
reductions  bracket  E1/2(PZn-­‐‑/0)  [(E1/2(Iso-­‐‑/0)  =  -­‐‑1.218  V;  E1/2(PZn-­‐‑/0)  =  -­‐‑1.435  V;  E1/2(Iso2-­‐‑/-­‐‑)  =  -­‐‑
1.711  V;  Figure  18].  These  data  evince  the  closer  energetic  matching  of  the  low-­‐‑lying    
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Figure  19.  Cyclic  voltammograms  from  thin  films  of  (purple)  Ar-­‐‑Iso  and  
(green)  Rf-­‐‑Iso  drop  casted  onto  a  platinum  electrode.    Arrows  denote  the  points  taken  
as  onset  potentials.    Solvent  =  CH3CN;  [Bu4NPF6]  =  0.1  M;  scan  rate  =  100  mV/s;  
pseudoreference  electrode  =  Ag/AgCl3.5  M  NaCl;  Fc/Fc+  used  as  internal  standard.  
empty  Iso  and  PZn  fragment  molecular  orbitals  in  Rf-­‐‑Iso  relative  to  Ar-­‐‑Iso,  congruent  
with  electronic  structure  calculations.    Cyclic  voltammetric  measurements  carried  out  on  
thin  film  samples  of  these  compositions  found  onset  potentials  of  similar  magnitude  to  
the  solution  E1/2  values  determined  for  the  initial  oxidative  and  reductive  processes  of  
Rf-­‐‑Iso  and  Ar-­‐‑Iso  (Table  2;  Figure  19).  
   The   energy   of   formation   for   free   charges   from   excitons   (-­‐‑∆GCS)   quantifies   the  
thermodynamic  driving  force  for  electron  or  hole  transfer  between  a  given  D/A  pair  at  
organic   semiconductor   junctions;   this   can  be   evaluated  using   formalism  developed  by  
Weller.173-­‐‑177   The   donor   and   acceptor   excited   state   oxidation   (D*/+)   and   reduction   (A-­‐‑/*)  
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Figure   20.   (solid   rectangles)   Potentiometrically   determined   frontier   energy  
levels  for  P3HT,  Ar-­‐‑Iso,  and  Rf-­‐‑Iso  in  thin  films  compared  with  PCBM  for  reference;  
all   energy   levels   are   versus   the   vacuum   energy   by   the   relation   Evac   =   -­‐‑e(4.8   +   Eox/red).  
(dashed  lines)  Excited  state  redox  potentials  for  P3HT,  Ar-­‐‑Iso,  and  Rf-­‐‑Iso  determined  
by  adding  the  singlet  excitation  energy  Eg  to  the  ground  state  frontier  levels.  
determined   by   absorption   onset.175   The   effective   work   function   for   the  
ferrocene/ferrocenium  (Fc0/+)  couple  of  –  4.8  eV  relates  the  potentiometric  data  acquired  
for  thin  films  of  these  materials  to  an  absolute  scale  by  Evac  =  –  e(4.8  +  Epo),178  where  Evac  is  
the   vacuum   energy   level   and   Epo   are   the   electrochemically   measured   potentials.   For  
values   of   Eg,   D0/+,   and   A-­‐‑/0   determined   from   measurements   in   the   solid   state,   where  
excitonic   effects   can   enhance   the   mismatch   between   optical   and   potentiometric  
bandgaps,  a  correction  factor  ∆  =  (E-­‐‑/0  –  E0/+)  -­‐‑  Eg  can  be  used  to  provide  a  more  accurate  
estimate  of  the  singlet  exciton  energy.175,  176  The  excited  state  reduction  potential  is  then    
E-­‐‑/*  =  E-­‐‑/0  −  (½  ∆  +  Eg)  
and  the  excited  state  oxidation  potential  is  
E*/+  =  E0/+  +  (½  ∆  +  Eg).  
  47  
These  values  for  Ar-­‐‑Iso,  Rf-­‐‑Iso,  and  P3HT  are  displayed  as  dashed  lines  in  Figure  20.  
The  free  energies  of  charge  separation  ∆GCS  between  two  materials  X  and  Y  are  then  
ΔGCS  =  X-­‐‑/*  –  Y0/+  
for  hole  transfer  (HT)  and    
ΔGCS  =  X-­‐‑/0  –  Y*/+  
for  electron  transfer  (ET),  respectively.  
These  considerations  indicate  that  electronically  excited  P3HT  (1P3HT*)  should  
undergo  photoinduced  ET  reactions  with  both  Ar-­‐‑Iso  and  Rf-­‐‑Iso:  1P3HT*  +  Ar-­‐‑Iso  à  
P3HT+•  +  Ar-­‐‑Iso−•,  –  ΔGCSº  ~  400  mV;  1P3HT*  +  Rf-­‐‑Iso  à  P3HT+•  +  Rf-­‐‑Iso−•,  –  ΔGCSº  ~  430  
mV.    If  the  role  of  the  electron  accepting  material  in  an  OPV  includes  augmenting  the  
light  harvesting  capability  of  the  donor  polymer,  factors  other  than  the  acceptor  
reduction  potential  and  electronic  absorptive  properties  need  to  be  considered.  In  such  
an  OPV,  as  electronically  excited  acceptors  may  be  produced  via  direct  light  absorption  
or  via  an  energy  transfer  reaction  with  an  electronically  excited  donor  polymer  (e.g.,  
1P3HT*  +  Ar-­‐‑Iso  à  P3HT  +  1Ar-­‐‑Iso*),  engineering  acceptor  energy  levels  to  facilitate  
exergonic  photoinduced  HT  is  critical.    In  this  regard,  it  is  important  to  appreciate  that  
Ar-­‐‑Iso  and  Rf-­‐‑Iso  possess  significantly  different  driving  forces  for  photoinduced  HT  
reactions  with  P3HT:  P3HT  +  1Ar-­‐‑Iso*  à  P3HT+•  +  Ar-­‐‑Iso−•,  –  ΔGCSº  ~  –  20  mV;  P3HT  +  
1Rf-­‐‑Iso*  à  P3HT+•  +  Rf-­‐‑Iso−•,  –  ΔGCSº  ~  200  mV.  Thus,  while  both  Ar-­‐‑Iso  and  Rf-­‐‑Iso  may  
undergo  phototoinduced  ET  reactions  with  electronically  excited  P3HT,  only  1Rf-­‐‑Iso*  is  
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predicted  to  possess  sufficient  driving  force  to  photo-­‐‑oxidize  ground-­‐‑state  P3HT,  as  
these  thermodynamic  driving  force  considerations  indicate  that  such  a  HT  reaction  
involving  1Ar-­‐‑Iso*  and  P3HT  would  be  endergonic.    
3.2.2 Photovoltaic devices exhibiting acceptor-derived photocurrent 
OPV  devices  were  produced  for  P3HT/Ar-­‐‑Iso  and  P3HT/Rf-­‐‑Iso  in  bilayer  
architectures;  reference  devices  with  P3HT/PCBM  compositions  were  also  studied.  A  
conventional  bilayer  device  configuration  was  employed  consisting  of  ITO  
glass/PEDOT:PSS/P3HT/acceptor  material/evaporated  metal  cathode;  further  fabrication  
details  are  available  in  the  Supporting  Information.    As  anticipated  from  the  driving  
force  considerations  discussed  above,  no  significant  photocurrent  [≥  0.01%  power  
conversion  efficiency  (PCE)]  could  be  obtained  from  films  of  P3HT/Ar-­‐‑Iso,  while  
P3HT/Rf-­‐‑Iso  devices  reliably  gave  efficiencies  of  0.3-­‐‑0.5%.  These  prototypical  devices  
were  not  optimized,  although  several  different  film  thicknesses  were  explored  by  
variation  of  the  revolution  rate  from  400-­‐‑800  rpm  in  the  Rf-­‐‑Iso  spin  coating  cycle.  The  
best  film,  with  an  active  layer  of  ~  90  nm  thickness,  gave  PCEs  that  averaged  at  a  modest  
0.57%.    
PCEs  in  P3HT  solar  cells  that  exploit  molecular  acceptors  now  approach  4%.179-­‐‑185  
The  best  of  these  compositions,  which  featured  a  zinc(azadipyrromethene)  complex  as  
acceptor,  exhibited  a  fill  factor  (FF)  of  0.57,  an  open-­‐‑circuit  voltage  (VOC)  of  0.76  V,  and  a  
short-­‐‑circuit  current  (JSC)  of  8.8  mA/cm2.  The  open-­‐‑circuit  voltage  (VOC)  of  0.79  V  
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determined  for  these  P3HT/Rf-­‐‑Iso  devices  is  thus  comparable  to  those  reported  for  high-­‐‑
efficiency  OPV  compositions  that  feature  molecular  acceptors.  In  contrast,  the  best  
P3HT/Rf-­‐‑Iso  devices  gave  a  JSC  of  2.43  mA/cm2  and  a  fill  factor  of  0.29,  values  below  the  
aforementioned  benchmarks;  these  results  suggest  that  suboptimal  film  morphologies  
played  a  role  in  the  low  efficiencies  of  Rf-­‐‑Iso/P3HT  devices  by  limiting  the  efficiency  of  
charge  carrier  generation  and  collection.58  In  this  regard  it  is  noteworthy  that  Rf-­‐‑Iso  
displayed  negligible  solubility  in  the  absence  of  coordinating  solvents,  thus  these  films  
were  deposited  from  solutions  of  2:8  THF:o-­‐‑dichlorobenzene.    Optimization  of  the  
deposition  conditions  for  [(meso-­‐‑perfluoroalkyl)porphinato]zinc(II)  –  based  materials  is  
likely  to  be  a  fruitful  area  of  research  but  falls  beyond  the  scope  of  the  present  work.    A  
relationship  between  JSC  and  –  ∆GCS  has  been  established,175,  177  and  it  is  possible  that  the  
thermodynamic  driving  force  of  200  mV  for  Rf-­‐‑Iso/P3HT  is  insufficient  to  drive  charge  
dissociation  yields  that  approach  unity  in  this  system,  which  might  also  contribute  to  a  
low  current  density.  
External  quantum  efficiency  (EQE)  spectra  normalized  to  the  peak  efficiency  of  
each  composition  for  a  P3HT/Rf-­‐‑Iso  film  and  a  benchmark  P3HT/PCBM  OPV  are  
depicted  in  Figure  21.    In  compositions  with  P3HT,  PCBM  is  known  to  provide  a  
negligible  contribution  to  light  harvesting  at  wavelengths  beyond  375  nm;  thus  the  
P3HT/PCBM  spectrum  provides  a  benchmark  for  P3HT-­‐‑derived  photocurrent.186-­‐‑188  The  
device  using  Rf-­‐‑Iso  as  an  acceptor  shows  an  unmistakable  contribution  to  its  activity    
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Figure  21.  Peak-­‐‑normalized  EQE  spectra  from  thin  film  OPV  devices  made  
from  P3HT/Rf-­‐‑Iso  and  P3HT/PCBM  compositions,  with  the  absorption  spectrum  of  an  
Rf-­‐‑Iso  thin  film  for  comparison.  
from  the  porphyrin  derivative  in  the  form  of  an  EQE  peak  at  670  nm,  with  ~15%  of  this  
film’s  integrated  photocurrent  produced  beyond  the  long-­‐‑wavelength  onset  for  the  
P3HT/PCBM  device  at  650  nm.    This  NIR  photocurrent  is  generated  by  photoinduced  
HT  resulting  from  direct  excitation  of  the  Rf-­‐‑Iso  acceptor,  sometimes  called  the  channel-­‐‑
II  path;186-­‐‑188  this  observation  highlights  the  importance  of  designing  low-­‐‑bandgap,  
strongly  absorbing  electron  accepting  materials  that  feature  excited  state  reduction  
potentials  (E-­‐‑/*  values)  having  sufficient  driving  force  to  undergo  photoinduced  HT  with  
the  ground-­‐‑state  donor  polymer.  
A  prevalent  first  approximation  for  –  ∆GCS  is  the  energetic  offset  between  the  
frontier  orbitals  of  D  and  A;189,  190  it  is  common  practice  to  compare  LUMO  levels  
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between  D/A  pairs  to  determine  whether  charge  separation  should  be  observable  within  
a  given  system,  with  ~  0.3  eV  typically  assumed  to  be  the  threshold  energetic  offset  
below  which  electron  transfer  will  not  occur.177,  191,  192  Because  the  Ar-­‐‑Iso  and  Rf-­‐‑Iso  
LUMO  levels  are  determined  predominantly  by  the  Iso  unit,  both  Ar-­‐‑Iso-­‐‑/0  and  Rf-­‐‑Iso-­‐‑/0  
lie  at  ~  –  3.6  eV  vs.  vacuum;  note  that  these  both  lie  more  than  0.3  eV  below  P3HT-­‐‑/0  
(Figure  20).    It  has  long  been  postulated  that,  for  systems  in  which  the  acceptor  
significantly  contributes  to  light  absorption,  a  similar  comparison  of  D/A  HOMO  levels  
assesses  the  propensity  for  hole  transfer  from  A  to  D;190  this  finds  that  Rf-­‐‑Iso0/+  lies  ~  0.4  
eV  below  P3HT0/+,  while  Ar-­‐‑Iso0/+  is  0.06  eV  above  this  level.    As  the  significance  of  
channel  II  photocurrent  has  become  appreciated,  the  importance  of  molecular  acceptor  
HOMO  levels  has  recently  garnered  increased  attention;184,  185,  187,  188  our  findings  
underscore  this  significance  by  identifying  at  least  one  system  (P3HT/Ar-­‐‑Iso)  where  the  
lack  of  sufficient  –  ∆GCS  for  hole  transfer  leads  to  PCEs  ~  0%  at  all  wavelengths.    Because  
the  magnitudes  of  the  Rf-­‐‑Iso0/+  and  Ar-­‐‑Iso0/+  potentials  are  essentially  determined  by  the  
nature  of  their  respective  PZn  units,  these  data  highlight  the  utility  of  the  [5,15-­‐‑
(perfluoroalkyl)porphinato]zinc(II)  building  block,  with  an  A0/+  potential  stabilized  by  ~  
300  meV  relative  to  common  meso-­‐‑arylporphyrin  ligand  frameworks,  for  the  design  of  
electron  accepting  chromophores  for  OPVs.    
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3.3 Conclusion  
In  summary,  a  supermolecular  design  strategy  has  afforded  ethyne-­‐‑conjugated  
isoindigo-­‐‑(porphinato)zinc(II)-­‐‑isoindigo  chromophores  built  upon  either  electron-­‐‑rich  
10,20-­‐‑diarylporphyrin  (Ar-­‐‑Iso)  or  electron-­‐‑deficient  10,20-­‐‑bis(perfluoroalkyl)porphyrin  
(Rf-­‐‑Iso)  frameworks.    Rf-­‐‑Iso  and  Ar-­‐‑Iso  exhibit  intense,  porphyrin  Q-­‐‑state  derived  
S0→S1  NIR  transitions,  and  total  visible  spectral  domain  integrated  oscillator  strengths  
that  exceed  2;  both  Rf-­‐‑Iso  and  Ar-­‐‑Iso  exhibit  greater  total  absorptivities  per  unit  mass  
than  poly(3-­‐‑hexyl)thiophene  in  the  375  –  900  nm  wavelength  range  where  solar  flux  is  
maximal.  Time-­‐‑dependent  density  functional  theory  calculations  highlight  the  
delocalized  nature  of  the  low  energy  singlet  excited  states  of  these  chromophores  and  
reveal  that  the  extent  of  S1  state  charge-­‐‑resonance  character  tracks  with  the  extent  of  
HOMO  level  destabilization.    Prototype  organic  photovoltaic  devices  (OPVs)  crafted  
from  the  donor  poly(3-­‐‑hexyl)thiophene  and  these  new  materials  confirm  that  solar  
power  conversion  depends  critically  upon  the  thermodynamic  driving  force  for  
photoinduced  hole  transfer  (HT)  reactions  involving  these  electronically  excited  low-­‐‑
bandgap  acceptors  and  the  ground-­‐‑state  poly(3-­‐‑hexyl)thiophene  (P3HT)  polymer.  While  
both  the  Rf-­‐‑Iso  and  Ar-­‐‑Iso  supermolecules  manifest  LUMO  levels  poised  for  exergonic  
electron  transfer  (ET)  from  photoexcited  P3HT  (1P3HT*),  the  
[(perfluoroalkyl)porphinato]zinc  unit  of  Rf-­‐‑Iso  engenders  the  electronically  excited  state  
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of  this  chromophore  (1Rf-­‐‑Iso*)  with  an  excited  state  reduction  potential  (E-­‐‑/*)  sufficient  to  
drive  hole  transfer  (HT)  from  ground-­‐‑state  P3HT.  
This  work  highlights  the  effectiveness  of  coupled  oscillator  photophysics  and  the  
meso-­‐‑perfluoroalkylporphyrin  ligand  framework  for  the  design  of  an  acceptor  
chromophore  for  OPVs  that:  (i)  possesses  an  excited-­‐‑state  reduction  potential  
appropriate  for  photoinduced  HT  with  the  ground-­‐‑state  of  the  classic  donor  polymer  
P3HT,  (ii)  features  a  ground-­‐‑state  reduction  potential  appropriate  for  photoinduced  ET  
with  the  electronically  excited  donor  polymer  (1P3HT*),  (iii)  supersedes  the  total  visible-­‐‑
range  absorptivity  of  P3HT  and  (iv)  extends  the  device  operating  spectral  range  into  the  
NIR.    This  work  demonstrates  for  the  first  time  that  high  oscillator  strength  porphyrinic  
chromophores,  conventionally  utilized  as  electron  donors  in  OPVs,  can  also  be  exploited  
as  electron  acceptors.  
3.4 Methods 
3.4.1 Experimental Methods 
Materials:  All  manipulations  were  carried  out  under  argon  previously  
passed  through  an  O2  scrubbing  tower  (Schweitzerhall  R3-­‐‑11G  catalyst)  and  a  drying  
tower  (Linde  3-­‐‑Å  molecular  sieves)  unless  otherwise  stated.  Air  sensitive  materials  were  
handled  in  a  Braun  150-­‐‑M  glove  box.    Standard  Schlenk  techniques  were  employed  to  
manipulate  air-­‐‑sensitive  solutions.    All  solvents  utilized  for  chromatography  in  this  
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Optima  HPLC  grade).  Dry,  deoxygenated  solvents  were  obtained  from  a  solvent  
purification  system  (Puresolv™,  Innovative  Technologies,  inc.).    Triethylamine  (TEA)  
was  dried  over  KOH  pellets  and  distilled  from  CaH  under  argon.    N-­‐‑bromosuccinamide  
was  recrystallized  from  water  and  dried  under  high  vacuum  for  at  least  24  hours  before  
use.    All  NMR  solvents  were  used  as  received.  Tris(dibenzylideneacetone)-­‐‑
dipalladium(0)  (Pd2dba3)  and  triphenylarsine  (AsPh3)  were  purchased  from  Strem  
Chemicals  and  stored  in  the  glovebox.  Air-­‐‑sensitive  reactions  were  performed  by  
charging  a  Schlenk  tube  with  the  catalysts  in  the  glovebox,  then  cannulating  solvents  
degassed  by  at  least  three  freeze-­‐‑pump-­‐‑thaw  cycles  in  the  hood.    Silica  gel  and  
preparative  size  exclusion  column  chromatography  were  performed  on  the  bench  top,  
using  respectively  silica  gel  (Silicycle,  230–400  mesh)  and  Bio-­‐‑Rad  Bio-­‐‑Beads  SX-­‐‑1  as  
media.  
Instrumentation:  NMR  spectra  were  recorded  on  a  400  MHz  
Varian  spectrometer  and  processed  using  MestReNova  LITE  version  5.2.5-­‐‑4119  software.    
Chemical  shifts  for  1H  NMR  spectra  are  reported  relative  to  the  internal  standard  
tetramethylsilane  (TMS)  in  deuterated  solvent  (TMS  =0.00  ppm).  All  J  values  are  
reported  in  Hertz.  MALDI-­‐‑TOF  mass  spectroscopic  data  were  obtained  with  an  Applied  
Biosystems  Voyager  DE  pro  instrument  under  the  supervision  of  Dr.  George  Dubay  at  
Duke  University.  Samples  were  prepared  as  micromolar  solutions  in  THF,  and  α-­‐‑cyano-­‐‑
4-­‐‑hydroxycinnamic  acid  (CHCA)  or  2-­‐‑(4-­‐‑hydroxyphenylazo)benzoic  acid  (HABA)  were  
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utilized  as  matrices.    Absorption  spectra  were  collected  on  a  Shimadzu  Pharmaspec  UV-­‐‑
1700  or  a  Cary  5000  spectrometer.    Emission  and  excitation  spectra  were  collected  on  an  
Ediburgh  FLSP  920.    Potentiometric  measurements  were  performed  using  a  
Bioanalytical  Systems  BASi  Epsilon  EC  Electrochemical  Workstation.  
The  synthesis  of  Ar-­‐‑Iso  and  Rf-­‐‑Iso  was  accomplished  as  outlined  in  Scheme  S1.    
No  efforts  were  made  to  optimize  these  reaction  conditions.    N,N’-­‐‑bis(2-­‐‑ethylhexyl)-­‐‑6-­‐‑
bromoisoindigo  Br-­‐‑iso,87  [5,15-­‐‑diethynyl-­‐‑10,20-­‐‑bis(2,6-­‐‑(3,3-­‐‑dimethyl-­‐‑1-­‐‑
butyloxy)phenyl)porphinato]zinc(II)  Ar-­‐‑E,2  and  [5,15-­‐‑diethynyl-­‐‑10,20-­‐‑
bis(heptafluoropropyl)porphinato]zinc(II)39  were  synthesized  according  to  established  
procedures.    
  





butyloxy)phenyl)porphinato]zinc(II)    (Ar-­‐‑Iso)  
A  50  ml  Schlenk  reaction  tube  was  charged  with  a  stir  bar,  diethynyl  porphyrin  Ar-­‐‑E  
(143  mg,  1.47  x  10-­‐‑4  mol)  and  bromoisoindigo  (208  mg,  3.68  x  10-­‐‑4  mol).    This  tube  was  
introduced  into  a  glove  box  where  Pd2dba3  (54  mg,  5.88  x  10-­‐‑5  mol)  and  AsPh3  (180  mg,  
5.88  x  10-­‐‑4  mol)  were  added.    The  sealed  reaction  vessel  was  removed  from  the  glove  box  
and  purged  with  argon,  then  charged  with  20  ml  of  9:1  THF/triethylamine.    The  stirred  
solution  was  shielded  from  light  and  heated  at  45    C  for  16  hours.    The  solvent  was  
removed  under  a  stream  of  nitrogen  and  the  residue  was  chromatographed  over  silica  
eluted  with  CH2Cl2.    The  first  dark  brown  band  was  collected,  evaporated  at  reduced  
pressure,  and  rechromatographed  over  silica  eluting  with  1:4  THF:hexanes.    The  first  
brown  band  was  again  collected  and  evaporated,  and  the  residue  was  chromatographed  
using  Biobeads  SX-­‐‑1  media  eluted  with  THF.    The  product  was  then  purified  by  one  
final  silica  column  with  1:4  THF:hexanes  to  give  Ar-­‐‑Iso  (114  mg,  5.86x10-­‐‑5  mol,  40  %  
yield).  
1H  NMR  (400  MHz,  CDCl3,  ppm  vs.  Me4Si  =  0)  δ  9.70-­‐‑9.65  (m,  4H),  9.380  (d,  2H,  J  =  8.3  
Hz),  9.208  (d,  2H,  J  =  8.0  Hz),  8.901  (d,  4H,  J  =  4.5  Hz),  7.758  (t,  2H,  J  =  8.5  Hz),  7.716  (d,  
2H,  J  ~  8  Hz),  7.394  (t,  2H,  J  =  7.5  Hz),  7.375  (s,  2H),  7.101  (t,  2H,  J  =  7.4  Hz),  7.034  (d,  4H,  J  
=  8.5  Hz),  6.826  (d,  2H,  J  =  7.7  Hz),  3.955  (t,  8H,  J  =  7.2  Hz),  3.90-­‐‑3.80  (m,  4H),  3.75-­‐‑3.65  (m,  
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4H),  2.12-­‐‑2.02  (m,  2H),  1.95-­‐‑1.85  (m,  2H),  1.52-­‐‑1.26  (m,  32H),  1.072  (t,  6H,  J  =  7.3  Hz),  0.99-­‐‑
0.85  (m,  26H),  0.280  (s,  36H).  
Ar-­‐‑Iso:  C124H148N8O8Zn;  MW  =  1943.93  g/mol;  M/z  =  1944.98  :  H+[Ar-­‐‑Iso].  
  




bis(heptafluoropropyl)porphinato]zinc(II)    (Rf-­‐‑Iso)  
A  50  ml  Schlenk  reaction  tube  was  charged  with  a  stir  bar,  diethynyl  porphyrin  (209  mg,  
2.76  x  10-­‐‑4  mol)  and  bromoisoindigo  (390  mg,  6.90  x  10-­‐‑4  mol).    This  tube  was  introduced  
into  a  glove  box  where  Pd2dba3  (101  mg,  1.10  x  10-­‐‑4  mol)  and  AsPh3  (338  mg,  1.10  x  10-­‐‑3  
mol)  were  added.    The  sealed  reaction  vessel  was  removed  from  the  glove  box  and  
purged  with  argon,  then  charged  with  20  ml  of  9:1  THF/triethylamine.    The  stirred  
solution  was  shielded  from  light  and  heated  at  45  °C  for  16  hours.    The  solvent  was  
removed  under  a  stream  of  nitrogen  and  the  residue  was  chromatographed  over  silica  
eluted  with  4:6  THF:hexanes.    The  first  purplish-­‐‑brown  band  was  collected,  evaporated  
at  reduced  pressure,  and  loaded  onto  a  silica  column  in  pure  THF,  then  eluted  with  1:4  
THF:hexanes.    The  first  purplish-­‐‑brown  band  was  again  collected  and  evaporated,  and  
the  residue  was  chromatographed  using  Biobeads  SX-­‐‑1  media  eluted  with  THF.    The  
product  was  then  chromatographed  over  a  silica  column  with  1:2:2  THF:hexanes:CH2Cl2.    
After  stripping  off  the  solvent,  the  residue  was  taken  up  in  a  minimal  volume  of  THF  (~5  
ml)  and  added  to  100  ml  of  rapidly  stirring  hexanes.    The  precipitate  was  collected  by  
filtration  to  give  Rf-­‐‑Iso  (85  mg,  4.92  x  10-­‐‑5  mol,  18%  yield).  
1H  NMR  (400  MHz,  THF-­‐‑d8,  ppm  vs.  THF  Hα  =  3.580)  δ  9.506  (s,  4H),  9.349  (d,  4H,  J  =  8.1  
Hz),  8.794  (s,  4H),  7.257  (t,  2H,  J  =  7.6  Hz),  7.001  (t,  2H,  J  =  7.6  Hz),  6.821  (d,  2H,  J  =  7.8  
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Hz),  6.631  (d,  2H,  J  =  7.2  Hz),  6.332  (s,  2H),  3.97-­‐‑3.82  (m,  8H),  2.03-­‐‑1.95  (m,  4H),  1.61-­‐‑1.45  
(m,  32H),  1.16-­‐‑1.00  (m,  24H).        
19F  NMR  (376.3  MHz,  THF,  ppm  vs.  CFCl3  =  0.0)  δ  -­‐‑78.822  (s,  4F),  -­‐‑80.079  (t,  6F,  J  =  10.5  
Hz),  -­‐‑119.605  (s,  4F).  
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Figure  25.  Fluorine  NMR  spectrum  of  Rf-­‐‑Iso.  
  
Potentiometric  methods:  Cyclic  voltammetric  experiments  carried  out  in  solution  were  
performed  in  THF  solvent  containing  0.1  M  Bu4NPF6  as  supporting  electrolyte.  For  
measurements  in  the  solid  state,  films  were  drop  casted  onto  a  platinum  electrode  from  
THF  solutions  and  dried  under  vacuum;  the  cyclic  voltammetric  responses  of  these  thin  
films  were  acquired  in  acetonitrile  solvent  containing  0.1  M  Bu4NPF6.  All  electrochemical  
measurements  utilized  scan  rates  that  ranged  between  100-­‐‑200  mV/s,  and  ferrocene  as  
an  internal  potentiometric  standard.  
Photovoltaic  device  fabrication  and  testing:    Glass  substrates  coated  with  patterned  
indium-­‐‑doped  tin  oxide  (ITO)  were  purchased  from  Thin  Film  Devices,  Inc.  (Anaheim,  
CA).    The  150  nm  thick  sputtered  ITO  pattern  had  a  sheet  resistance  of  15Ω/□.    Prior  to  
use,  the  substrates  were  ultrasonicated  for  20  min  in  2-­‐‑propanol.    The  substrates  were  
then  dried  under  a  stream  of  nitrogen  and  placed  in  a  UV-­‐‑Ozone  cleaner  (42  UVO  
Cleaner,  Jelight  Company  Inc.)  for  20  min.    A  0.45  µμm  PVDF  (Polyvinyl  difluoride)  
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filtered  dispersion  of  Poly(3,4-­‐‑ethylenedioxythiophene):Polystyrene  sulfonate  
(PEDOT:PSS)  in  water  (Baytron  PH500)  was  then  spin-­‐‑cast  onto  clean  ITO  substrates  at  
4000  rpm  for  60  s  and  baked  at  140  °C  for  20  minutes  yielding  a  thin  film  with  a  
thickness  of  40  nm.    Beyond  this  point  all  fabrication  and  testing  steps  were  performed  
inside  an  inert  atmosphere  glove  box.  Bilayer  devices  were  made  by  dissolving  P3HT  at  
15  mg/mL  in  DCB  and  Ar-­‐‑Iso  or  Rf-­‐‑Iso  at  10  mg/mL  in  4:1  DCB:THF.  The  P3HT  layer  
was  spin-­‐‑cast  first  between  400  –  800  rpm  for  30  –  60  s  onto  the  PEDOT:PSS  layer  and  
left  to  dry  at  room  temperature  under  N2  for  12  h.  Once  dry,  the  Ar-­‐‑Iso  or  Rf-­‐‑Iso  solution  
was  spin-­‐‑cast  onto  the  P3HT  film  between  400  –  800  rpm  for  30  –  60  s.  The  substrates  
were  then  left  to  dry  at  room  temperature  under  N2  for  12  h.  The  cathode  was  deposited  
by  thermal  evaporation  of  100  nm  of  aluminum  with  a  shadow  mask  at  a  pressure  of  ~  1  
×  10-­‐‑6  mbar.    There  are  8  devices  per  substrate,  with  an  active  area  of  12  mm2  per  device.  
The  thicknesses  of  films  were  recorded  by  a  profilometer  (Alpha-­‐‑Step  200,  Tencor  
Instruments).    Device  characterization  was  carried  out  under  AM  1.5G  irradiation  with  
an  intensity  of  100  mW/cm2  (Oriel  91160,  300  W),  which  was  calibrated  by  a  NREL  
certified  standard  silicon  cell.  I-­‐‑V  curves  were  recorded  with  a  Keithley  2400  digital  
source  meter.  All  fabrication  steps  after  adding  the  PEDOT:PSS  layer  onto  ITO  substrate,  
and  all  I-­‐‑V  characterizations  were  performed  in  a  glovebox  under  nitrogen  atmosphere.  
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3.4.2. Theory and computational methods 
Energy  levels  and  driving  forces  
A-­‐‑/0,  D0/+,  etc.  are  energies  wrt  vacuum  determined  from  potentiometric  measurements  
using  Fc/Fc+  work  function:  
EVAC  =  -­‐‑e(4.8  +  EPO)  
  
Several  values  for  this  are  prevalent  in  the  literature;  what  is  important  for  comparative  
purposes  is  that  all  of  our  redox  potentials  were  determined  in  identical  fashion  from  
solid  films  and  referenced  to  ferrocene  internal  standard.  
  
P3HT0/+:  -­‐‑5.16  eV      P3HT-­‐‑/0:  -­‐‑3.08  eV  
Ar-­‐‑Iso0/+:  -­‐‑5.100  eV      Ar-­‐‑Iso-­‐‑/0:  -­‐‑3.566  eV  
Rf-­‐‑Iso0/+:  -­‐‑5.557  eV      Rf-­‐‑Iso-­‐‑/0:  -­‐‑3.596  eV  
  
Excited  state  reduction/oxidation  potentials  are  determined  using  potentiometric  orbital  
levels  defined  above,  bandgap  (Eg)  determined  from  absorption  onset,  and  ½  exciton  
binding  energy  (EB),  defined  as  EB  =  (E-­‐‑/0  -­‐‑  E0/+)  -­‐‑  Eg  
  
P3HT  EB  =  0.180  eV;    Eg  =  1.90  eV  
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Ar-­‐‑Iso  EB  =  0.0  eV;    Eg  =  1.571  eV  
Rf-­‐‑Iso  EB  =  -­‐‑0.143  eV;    Eg  =  1.687  eV  
excited  state  reduction  potential  E-­‐‑/*  =  E-­‐‑/0  –  (  ½  EB  +  Eg)  
excited  state  oxidation  potential  E*/+  =  E0/+  +  (  ½  EB  +  Eg)  
P3HT*/+:  -­‐‑3.17  eV      P3HT-­‐‑/*:  -­‐‑5.07  eV  
Ar-­‐‑Iso*/+:  -­‐‑3.529  eV      Ar-­‐‑Iso-­‐‑/*:  -­‐‑5.137  eV  
Rf-­‐‑Iso*/+:  -­‐‑3.799  eV      Rf-­‐‑Iso-­‐‑/*:  -­‐‑5.355  eV  
  
driving  forces  for  hole  transfer  and  electron  transfer  (ΔGhT  and  ΔGeT)  
ΔGhT  =  A-­‐‑/*  -­‐‑  D0/+  
ΔGeT  =  A-­‐‑/0  –  D*/+  
1Rf-­‐‑Iso*/P3HT  ΔGhT  =  -­‐‑5.355  +  5.16  =  -­‐‑0.20  eV  
1Ar-­‐‑Iso*/P3HT  ΔGhT  =  -­‐‑5.137  +  5.16  =  +0.023  eV  
1P3HT*/Rf-­‐‑Iso  ΔGeT  =  -­‐‑3.596  +  3.17  =  -­‐‑0.43  eV  
1P3HT*/Ar-­‐‑Iso  ΔGeT  =  -­‐‑3.566  +  3.17  =  -­‐‑0.40  eV  
  
Quantum  chemical  calculations:  All  calculations  were  performed  upon  
structures  with  aliphatic  chains  truncated  to  methyl  groups  (Figure  26).    For  Ar-­‐‑Iso  and  
Rf-­‐‑Iso,  both  C2v  and  C2h  conformeric  minima  could  be  formulated;  because  the  total    
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Figure  26.  Structural  abbreviations  utilized  for  quantum  chemical  calculations.  
energies  and  properties  of  these  were  nearly  indistinguishable  the  results  for  the  C2h  
structures  are  reported  here.    The  (perfluoroalkyl)porphyrin  derivative  Rf-­‐‑ETIPS  lacks  a  
strict  plane  of  symmetry  due  to  the  tetrahedral  fluoromethyl  groups  on  the  10-­‐‑  and  20-­‐‑  
meso  positions,  but  symmetry  elements  from  the  D2h  point  groups  are  approximated  for  
this  molecule  in  Figure  14  and  Figure  30.    Structure  optimizations  and  linear  response  
calculations  were  performed  with  Density  Functional  Theory  (DFT)  using  Gaussian  09,  
Rev  C.1.41  The  Becke  three-­‐‑parameter  hybrid42  and  the  Lee-­‐‑Yang-­‐‑Parr  correlation  
functional43,  44  were  employed  for  all  calculations  (B3LYP).    Optimizations  were  
performed  with  minimal  symmetry  constraints  using  tight  optimization  criteria;  initial  
optimizations  used  smaller  basis  sets  but  the  final  optimizations  and  TDDFT  
calculations  employed  the  6-­‐‑311+g  basis  set45-­‐‑53  as  implemented  in  Gaussian  09.  
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Selected  frontier  orbital  wavefunctions  were  plotted  as  isosurfaces  (iso=0.02)  
using  Gaussview  5.193  This  software  was  also  used  to  produce  S1  state  electron  density  
difference  plots  for  Ar-­‐‑Iso  and  Rf-­‐‑Iso  by  subtracting  the  ground  state  density  from  the  
excited  state  electron  density  distribution;  this  electron  density  difference  was  displayed  
as  a  mapped  isosurface  onto  the  ground  state  density  (isosurface  value  =  0.002).  TDDFT  
result  files  were  post-­‐‑processed  using  the  Gausssum  package;194  this  software  partitions  
the  wavefunction  amplitudes  onto  atomic  components  using  Mulliken  population  
analysis,195  and  parses  the  electronic  configurations  contributing  to  each  excitation.  
Transition  dipole  moment  vectors  were  plotted  using  VMD.196  
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Figure  27.  (top)  TDDFT-­‐‑determined  transtions  for  a  model  of  Ar-­‐‑Iso  overlayed  with  
an  experimentally  determined  absorption  spectrum  in  THF  solution;  (bottom)  
TDDFT-­‐‑determined  transitions,  their  polarizations,  computed  oscillator  strengths,  
and  major  one-­‐‑electron  configurations  depicted  as  arrows  with  percentages  
representing  each  excitation’s  contribution  to  the  transition  for  Ar-­‐‑Iso.  
  67  
  
Figure  28.  (top)  TDDFT-­‐‑determined  transtions  for  a  model  of  Rf-­‐‑Iso  overlayed  with  
an  experimentally  determined  absorption  spectrum  in  THF  solution;  (bottom)  
TDDFT-­‐‑determined  transitions,  their  polarizations,  computed  oscillator  strengths,  
and  major  one-­‐‑electron  configurations  depicted  as  arrows  with  percentages  
representing  each  excitation’s  contribution  to  the  transition  for  Rf-­‐‑Iso.  
  68  
  
Figure  29.  (top)  TDDFT-­‐‑determined  transtions  for  a  model  of  Ar-­‐‑ETIPS  overlayed  
with  an  experimentally  determined  absorption  spectrum  in  THF  solution;  (bottom  
left)  TDDFT-­‐‑determined  transitions,  their  polarizations,  computed  oscillator  
strengths,  and  major  one-­‐‑electron  configurations  depicted  as  arrows  with  percentages  
representing  each  excitation’s  contribution  to  the  transition  for  Ar-­‐‑ETIPS;  (bottom  




Figure  30.  (top)  TDDFT-­‐‑determined  transtions  for  a  model  of  Rf-­‐‑ETIPS  overlayed  
with  an  experimentally  determined  absorption  spectrum  in  THF  solution;  (bottom  
left)  TDDFT-­‐‑determined  transitions,  their  polarizations,  computed  oscillator  
strengths,  and  major  one-­‐‑electron  configurations  depicted  as  arrows  with  percentages  
representing  each  excitation’s  contribution  to  the  transition  for  Rf-­‐‑ETIPS;  (bottom  




4. Synthesis of meso-(heptafluoropropyl)porphyrins 
Jeff  Rawson  conceived  and  performed  all  of  this  research.  
Michael  J.  Therien  supervised  this  work.  
4.1 Introduction 
A  class  of  conjugated  materials  relevant  to  photovoltaics,  nonlinear  optics,  
imaging,  and  other  opto-­‐‑electronic  applications  is  comprised  of  strongly-­‐‑coupled  
supermolecular  chromophore  arrays  that  feature  porphyrin  macrocycles  linked  together,  
or  to  auxiliary  pigments,  by  ethyne  bridges.1-­‐‑3,  90  The  cylindrically  π-­‐‑symmetric  alkyne  
provides  strong  interchromophore  electronic  communication,  resulting  in  globally  



































Figure  31.  A.  Structure  of  (porphinato)zinc(II)  with  site  labels  used  in  the  text.  
B.  (5,15-­‐‑diphenylporphinato)zinc(II)  (ZnDPP,  top)  and  (5,15-­‐‑
bis[heptafluoropropyl]porphinato)zinc(II)  (ZnRf2,  bottom),  pictured  with  0.02  
isodensity  surface  plots  and  calculated  energy  levels  of  their  two  highest  occupied  
molecular  orbitals.  Symmetry  labels  from  the  higher  D4h  point  group  have  been  
applied.  
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regarding  the  topology  of  this  linkage  in  order  for  maximum  coupling  to  be  achieved;  
spectroscopic  measurements  and  potentiometric  methods  have  thoroughly  
demonstrated  that  ethyne  bridges  provide  stronger  coupling  than  the  longer  butadiyne  
bridges,  and  that  connection  to  the  porphyrin  meso  positions  maximizes  interpigment  
communication.90  
   One  of  the  most  extreme  modulations  of  the  fundamental  porphyrin  electronic  
structure  occurs  when  several  of  the  meso  positions  are  appended  with  perfluorinated  
alkyl  groups.82,  83  These  strongly  σ-­‐‑electron-­‐‑withdrawing  substituents  dramatically  
stabilize  all  of  the  frontier  energy  levels,  especially  those  having  large  wavefunction  
amplitude  at  the  meso-­‐‑positions  (Figure  31).    As  a  result,  the  spectroscopy  and  reactivity  
of  these  electron-­‐‑deficient  (A)  porphyrins  differ  substantially  from  those  of  their  aryl-­‐‑
substituted  (D)  counterparts.    These  fascinating  pigments  have  only  seen  limited  
incorporation  into  conjugated  arrays,39  however,  due  largely  to  synthetic  challenges.  The  
successful  application  of  techniques  to  construct  and  derivatize  porphyrins  is  intimately  
tied  with  the  fundamental  electronic  structures  of  these  macrocycles.    Extreme  electronic  
modulation  of  porphyrins  in  multipigment  arrays  thus  intrinsically  demands  the  
development  of  new  synthetic  methods.  
This  chapter  differs  from  the  others  in  this  dissertation;  it  serves  as  a  personal  
memoire,  and  possibly  as  a  pedagogical  tool.    Some  elements  are  likely  to  eventually  
appear  in  journal  publications,  but  most  will  not,  and  so  this  is  the  definitive  chronicle  of  
  72  
the  work  I  pursued  most  passionately  during  my  graduate  studies.  Section  2  describes  a  
series  of  efforts  that  culminated  in  the  synthesis  of  5-­‐‑triisopropylethynyl-­‐‑10,15,20-­‐‑
tris(heptafluoropropyl)porphyrin  MCQ.    Section  3  describes  a  computationally-­‐‑guided  
exploration  of  strategies  to  achieve  meso-­‐‑halogenation  of  meso-­‐‑perfluoroalkyl  
porphyrins.    Section  4  describes  experimental  results  and  strategic  analysis  cogent  to  the  
synthesis  of  meso-­‐‑ethyne-­‐‑bridged  arrays  of  perfluoroalkyl  porphyrins.    
4.2 Synthesis of 5-triisopropylsilylethynyl-10,15,20-
tris(heptafluoropropyl)porphyrin MCQ 
Two  meso-­‐‑perfluoroalkylporphyrin  precursors  suitable  for  the  construction  of  
more  complicated  arrays  are  known.  Conjugated  multipigment  chromophores  have  
been  constructed  starting  from  5,15-­‐‑diethynyl-­‐‑10,20-­‐‑bis(heptafluoropropyl)porphyrin  
RfE2  (Figure  32A).39  The  tetrakis(trifluoromethyl)  porphyrin  can  be  brominated  at  one  or  
multiple  β-­‐‑positions  following  zinc  metallation  (Figure  32B);  this  provides  a  reactive  
handle  for  Sonogashira197  or  Suzuki198  couplings  to  permit  the  construction  of  
multipigment  systems.  The  first  target  for  investigation  of  new  synthetic  approaches  to  
perfluoroalkyl  porphyrins  was  5-­‐‑triisopropylsilylethynyl-­‐‑10,15,20-­‐‑
tris(heptafluoropropyl)porphyrin  MCQ.  This  structure  could  be  readily  exploited  in  the  
construction  of  A-­‐‑porphyrin  analogues  to  existing  D-­‐‑porphyrin-­‐‑pigment  chromophores,  
so  it  would  have  immediate  significance.  Furthermore,  the  pursuit  of  this  compound  




Figure  32.  A  sampling  of  precedented  approaches  to  the  synthesis  of  meso-­‐‑
perfluoroalkyl  porphyrins  and  porphyrinoids.  A)  Relatively  mild,  room-­‐‑temperature  
reaction  conditions  promote  the  condensation  of  5-­‐‑heptafluoropropyl  dipyrromethane  
with  triisopropylsilyl  propyne.39  B)  High  temperature,  high  dilution,  and  water  
scavenging  provide  access  to  tetrakis(perfluoroalkyl)porphyrins.82,  83  C)  Elevated  
temperature,  strong  acid,  and  high  concentration  favor  condensations  to  form  ring-­‐‑
expanded  porphyrinoids.199  
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A  summary  of  the  known  strategies  that  provide  access  to  meso-­‐‑perfluoroalkyl  
porphyrins  is  presented  in  Figure  32.  RfE2  may  be  obtained  in  high  yield,  using  
conditions  that  are  mild  when  compared  to  those  providing  other  perfluoroalkyl    
porphyrins;  this  synthetic  accessibility  is  a  consequence  of  the  reactivity  of  the  propargyl  
aldehydes  used  in  the  condensation.  The  most  successful  strategies  for  obtaining  tetrakis-­‐‑
perfluoroalkyl  porphyrins  have  recognized  that  a  prohibitive  reaction  step  in  these  
condensations  is  dehydration  of  an  α-­‐‑fluoro  alcohol  to  form  a  cationic  intermediate.82,  83  
In  these  cases  (Figure  32B),  high  temperature  and  water  scavenging  have  been  combined  
to  overcome  this  limitation,  and  these  conditions  have  also  been  successfully  exploited  
in  condensations  of  α-­‐‑perfluoroalkoxy-­‐‑dipyrromethanes  to  give  bis-­‐‑  and  
tris(heptafluoropropyl)  porphyrins,  albeit  in  yields  of  only  4-­‐‑5%.84  Higher  concentrations  
and  a  variety  of  acids  have  been  employed  in  the  pursuit  of  trifluoromethyl-­‐‑substituted  
expanded  porphyrinoids  (Figure  32C).  These  conditions  appear  to  reflect  the  common  
approach  to  5-­‐‑perfluoroalkyl  dipyrromethanes,200  and  while  they  have  not  generally  
been  optimized  for  high  yields  they  offer  insights  into  the  fundamental  reactivity  of  
fluoroalkylated  pyrroles.  
The  initial  efforts  to  synthesize  MCQ  involved  condensations  of  dipyrromethane  
intermediates,  sometimes  referred  to  as  2+2  approaches  (Figure  33).  5-­‐‑heptafluoropropyl  
dipyrromethane  1  is  available  in  moderate  yield  using  a  literature  protocol.200  Acylation  
of  dipyrromethane  1  with  heptafluorobutyric  anhydride  to  give    
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Figure  33.  Approaches  to  dipyrromethane  functionalization  with  heptafluoropropyl  
and  triisopropylsilylethynyl  groups,  culminating  in  2+2  cross-­‐‑condensations  that  
afforded  at  best  traces  of  porphyrin  MCQ.  
diketone  2  was  facile,  and  this  extremely  stable  intermediate  could  be  produced  on  a  50  
gram  scale.  In  our  hands,  an  acylation  procedure  using  heptafluorobutyric  chloride84  
provided  intractable  mixtures  of  products.    
Ethynyl  dipyrromethane  4  was  obtained  reproducibly  in  greater  than  60%  yield  
by  modification  of  an  established  procedure  for  synthesis  of  such  structures.201  Acylation  
of  this  using  heptafluorobutyric  chloride  led  to  recovery  only  of  black  tar  and  starting  
material,  while  efforts  that  employed  the  acid  anhydride  gave  low  yields  of  ketone  5.  
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Reductions  of  either  ketone  2  or  5  by  sodium  borohydride  proceeded  in  less  than  one  
hour  to  provide  diols  3  and  6  in  quantitative  yields,  as  reported  previously  for  similar  
dipyrromethane  ketones.199  However,  the  alcohols  did  not  readily  crystallize  and  proved  
to  be  less  stable  intermediates  than  the  ketones,  and  so  were  prepared  upon  demand  
and  used  immediately.  
Because  of  the  bottleneck  in  preparing  ethynyl  ketone  5,  efforts  to  synthesize  
porphyrin  MCQ  primarily  involved  condensations  between  tris(heptafluoropropyl)diol  
3  and  ethynyl  dipyrromethane  4.  Numerous  variations  of  literature  conditions  were  
explored,  as  outlined  in  Figure  5.2.  Reflux  in  the  presence  of  hydrochloric  acid  using  
either  THF  or  methylene  chloride  solvents  (conditions  B  and  D)  gave  no  traces  of  
product  that  could  be  detected  by  matrix-­‐‑assisted  laser  desorption  ion  time-­‐‑of-­‐‑flight  
mass  spectrometry  (MALDI).  Room-­‐‑temperature  treatment  with  catalytic  boron  
trifluoride  diethyl  etherate  (condition  C)  gave  a  complex  mixture  that  provided  MALDI  
results  consistent  with  the  presence  of  MCQ,  but  purification  gave  an  insufficient  
quantity  of  material  for  NMR  analysis,  even  when  using  several  hundred  milligrams  of  
precursors  3  and  4.  Treatment  with  p-­‐‑toluenesulfonic  acid  in  refluxing  toluene  with  
water  scavenging  (condition  A)  gave  the  most  promising  results;  with  a  reflux  time  of  
two  hours,  a  quantity  of  MCQ  sufficient  for  NMR  analysis  could  be  obtained.    
However,  optimization  of  this  reaction  proved  impossible.  With  shorter  reaction  
times,  the  primary  product  recovered  was  5-­‐‑triisopropylsilylethynyl  dipyrromethene,  
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resulting  from  DDQ  oxidation  of  dipyrromethane  4.  As  reaction  times  were  extended,  
the  quantity  of  this  product  lessened  without  any  commensurate  increase  in  the  yield  of  
MCQ;  with  a  reaction  time  of  16  hours  only  tar  was  recovered  with  no  traces  of  desired  
product  whatsoever.  Several  efforts  that  explored  condition  A  using  diol  6  and  
dipyrromethane  1  did  not  give  appreciably  increased  yields  of  MCQ.    
At  this  point,  a  reexamination  of  the  reactions  of  fluoroalkylated  pyrroles  which  
proceed  most  readily  was  profitable.  For  2+2  condensations  that  produce  
meso(heptafluoropropyl)porphyrins,  yields  of  around  5%  have  been  reported.84  
Furthermore,  these  reactions  must  be  performed  at  high  dilution  (1.2  mM  concentration  
of  each  reactant)  to  minimize  the  probability  of  successive  intermolecular  condensation  
steps,  and  as  concentrations  are  increased  the  formation  of  ring-­‐‑expanded  porphyrins  is  
favored.199,  202,  203  In  contrast,  these  same  sources  report  yields  of  50%  or  higher  for  
condensations  of  pyrrole  with  1-­‐‑(2-­‐‑pyrrolyl)alcohols.  The  greater  success  of  this  latter  
reaction  can  be  attributed  to  i)  the  greater  nucleophilicity  of  pyrrole  as  compared  to  
fluorinated  pyrrole  derivatives  ii)  the  greater  concentrations  and  excess  equivalents  of  
pyrrole  that  may  be  employed  in  these  reactions  since  only  intermolecular  
condensations  are  required.  Highly  scalable  syntheses  of  compounds  such  as  MCQ  
should  ideally  exploit  this  facility  of  condensations  with  pyrrole  nucleophiles,  as  well  as  
the  aforementioned  unusual  competency  of  the  triisopropylsilylpropynal  electrophile  
(Figure  32A)  in  condensations  with  fluorinated  pyrrole  derivatives.  
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Figure  34.  Synthetic  approach  to  the  key  tris(heptafluoropropyl)bilane  and  its  
cyclization  to  give  MCQ  in  quantities  on  the  order  of  several  grams.  
Several  attempts  were  made  to  achieve  a  one-­‐‑pot  synthesis  of  MCQ  based  upon  
these  principles  (Figure  34),  but  yields  were  still  poor  and  the  number  of  parameters  for  
optimization  was  a  deterrent.  Instead,  it  was  recognized  that  the  bilane  7  could  be  
isolated  in  a  respectable  50%  yield;  substantial  decomposition  into  intractable  darkly-­‐‑
colored  side  products  during  chromatography  could  be  avoided  by  employing  1-­‐‑2%  
triethylamine  in  the  eluent.  For  the  optimization  of  the  final  condensation  between  
bilane  7  and  triisopropylsilylpropynal,  treatment  with  hydrochloric  acid  in  refluxing  
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THF  was  compared  alongside  milder  conditions  employing  BF3OEt2  in  room  
temperature  chloroform.  While  the  latter  provided  isolated  yields  of  MCQ  that  neared  
5%,  it  was  found  that  a  significant  quantity  of  an  acyclic  side  product  was  also  
produced.  While  this  side  product  was  not  fully  characterized,  its  presence  indicated  
that  the  final  intramolecular  ring  closure  was  a  rate-­‐‑limiting  step  in  the  formation  of  the  
porphyrinogen  whose  DDQ  oxidation  leads  to  MCQ.  Furthermore,  it  suggests  that  
intermolecular  attack  of  the  reactive  propargyl  aldehyde  by  the  bilane  might  outpace  
this  closure,  risking  a  significant  loss  of  material  to  sideproducts  if  this  attack  were  to  
occur  at  both  ends  of  the  same  bilane  molecule.    
To  minimize  the  effective  concentration  of  aldehyde  with  respect  to  bilane,  a  
syringe  pump  was  employed  to  effect  addition  of  the  propynal  over  ~5  hours.  The  result  
was  a  dramatic  increase  of  the  yield,  and  the  complete  elimination  of  the  previously  
observed  side  product.  Thin-­‐‑layer  chromatography  analysis  of  the  reaction  progress  
supported  our  hypotheses  regarding  the  relative  rates  of  the  individual  condensation  
steps.  Using  this  slow  addition  approach,  accumulation  of  the  propargyl  aldehyde  in  the  
reaction  mixture  was  never  observed,  and  two  closely  eluting  product  spots  could  be  
seen  during  the  first  two  hours  of  addition.  One  of  these  nascent  products  was  
presumably  the  porphyrinogen,  and  it  is  reasonable  to  assume  that  the  other  was  the  
acyclic  adduct  of  bilane  7  with  the  propynal.  Several  hours  after  the  addition  of  
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aldehyde  was  completed,  the  lower-­‐‑Rf  product  spot  was  no  longer  observable;  at  this  
point  oxidation  with  DDQ  gave  porphyrin  MCQ  as  the  sole  isolable  product.    
Optimized  yields  of  25%  with  respect  to  bilane  7  could  be  achieved,  and  most  
gratifyingly,  this  method  was  amenable  to  multigram  throughput.  The  acquisition  of  
MCQ  in  these  quantities  has  made  accessible  a  variety  of  new  multipigment  
chromophores.  
4.3 Experimental study of porphyrin bromination regiochemistry 
guided by conceptual DFT calculations 
4.3.1 Fukui functions for electron loss calculated for a series of 
(porphinato)zinc(II) complexes 
A  pivotal  reaction  for  the  functionalization  of  porphyrins  and  their  incorporation  
into  chromophore  arrays  is  halogenation,  especially  bromination.  The  bromide  serves  as  
a  reactive  handle  that  can  be  targeted  by  palladium-­‐‑catalyzed  C-­‐‑C  bond  forming  
reactions  such  as  Sonogashira  and  Suzuki  cross-­‐‑couplings.  The  original  explorations  of  
the  bromination  reaction  of  free-­‐‑base  porphin,  primarily  using  N-­‐‑bromosuccinimide  
(NBS)  as  a  bromine  source,  revealed  exclusive  selectivity  for  substitution  at  the  meso  
carbons.204  No  comprehensive  mechanistic  study  has  explored  this  reaction,  and  a  recent  
review  asserts  no  mechanism;205  nevertheless  it  is  generally  accepted  that  the  
bromination  of  porphyrins  with  NBS,  in  the  absence  of  radical  initiators,  proceeds  by  an  
electrophilic  aromatic  substitution204,  206  and  therefore  its  regioselectivity  is  governed  by  
the  nucleophilicity  of  the  respective  porphyrin  postitions.  Some  evidence  for  this  
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mechanism  in  brominations  of  β-­‐‑octaalkyl  porphyrins  using  NBS  is  provided  by  the  
observation  of  side  products  that  derived  from  bromodealkylation  of  the  bromonium  
intermediates.207,  208    
Studies  in  our  lab  have  found  that  the  treatment  of  meso-­‐‑fluoroalkyl  porphyrins  
with  NBS  leads  exclusively  to  products  resulting  from  β  substitution.  This  difference  in  
bromination  regioselectivity  for  electron-­‐‑rich  meso-­‐‑aryl  porphyrins  versus  electron-­‐‑
deficient  meso-­‐‑fluoroalkyl  porphyrins  may  be  rationalized  by  frontier  orbital  analysis  
(for  example,  in  Figure  31).  Methods  have  been  developed  that  permit  the  construction  
of  electron-­‐‑deficient  porphyrins  possessing  one  or  two  meso-­‐‑ethyne  groups,  granting  
access  to  a  wealth  of  conjugated  materials  based  upon  this  motif.  However,  the  
incorporation  of  these  pigments  into  ethyne-­‐‑bridged  arrays  is  impeded  by  the  
inaccessibility  of  building  blocks  that  have  both  bromide  and  perfluoroalkyl  meso  
substituents.  
One  computational  tool  that  successfully  extends  beyond  simple  frontier  orbital  
analysis  is  the  Fukui  function,  f.  In  its  most  fundamental  conception,  it  is  defined  as  the  
change  in  the  density  as  the  electronic  population  of  the  system  varies  under  constant  
external  potential:  
f  (r)  =  (δρ(r)/δN)ν      
where  ρ  is  the  density,  N  is  the  number  of  electrons  in  the  system,  and  ν  is  the  
potential  of  the  surroundings.209  The  application  of  this  function  to  computational  
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problems  is  usually  made  tractable  by  considering  a  difference  between  two  integer  
numbers  of  electrons  rather  than  a  partial  derivative  in  what  is  known  as  the  finite-­‐‑
difference  approximation:210  
         f  –  (r,N)  ≈  ρ(r,N)  –  ρ(r,N  –  1)           
and  
f  +  (r,N)  ≈  ρ(r,N  +  1)  -­‐‑  ρ(r,N)             
  
providing  two  expressions:  f  -­‐‑,  which  describes  the  change  in  density  upon  
removal  of  an  electron,  and  f  +,  describing  the  change  in  density  upon  gaining  an  
electron.    Conceptually,  these  functions  relate  the  regions  of  a  molecule  that  most  readily  
lose  an  electron  (  f  -­‐‑)  or  gain  an  electron  (  f  +);  these  functions  will  have  large  positive  
values  in  regions  that  favor  these  respective  reactions,  describing  the  most  likely  
approach  for  nucleophiles  (  f  +)  or  electrophiles  (  f  -­‐‑).209  There  are  two  advantages  of  these  
functions  over  qualitative  frontier  orbital  analysis:  1)  the  possibility  to  include  electron  
correlation  and  orbital  relaxation  effects,  and  2)  the  consideration  of  the  entire  system  
rather  than  only  one  molecular  orbital  might  be  beneficial  in  systems,  such  as  porphyrin,  
where  two  or  more  orbitals  are  very  close  in  energy.  
The  global  Fukui  function  as  defined  above  is  three-­‐‑dimensional  and  can  be  
expressed  as  contours,  surfaces,  or  clouds  about  the  molecule.    It  is  also  possible  and  
often  desirable  to  express  it  in  a  numerical  form  on  a  per-­‐‑atom  basis,  in  order  to  
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quantitatively  predict  the  regioselectivity  of  a  given  reaction.    This  can  be  accomplished  
without,  in  principle,  any  loss  of  theoretical  rigor,  by  substituting  atomic  populations  
such  as  those  generated  by  Mulliken  analysis195  for  the  densities  in  the  equations  
above.211  The  resulting  condensed-­‐‑to-­‐‑atom  Fukui  functions  fa-­‐‑    and  fa+,  and  their  global  
counterparts,  have  been  found  to  rationalize  the  product  ratios  for  electrophilic  aromatic  
substitution  reactions  such  as  bromination  more  successfully  than  frontier  orbital  
analysis  or  electrostatic  potential  mapping.212  Further  elaborations  consider  the  Fukui  
functions  in  conjunction  with  electrostatic  potentials;  while  these  have  offered  
improvements  for  a  few  cases  where  the  Fukui  function  failed,  these  are  considered  to  
be  unnecessary  for  reactions  with  a  high  degree  of  electron-­‐‑transfer  character,  where  
outcomes  aren’t  dictated  by  electrostatic  preorganization.213,  214    
One  potential  shortcoming  of  the  condensed-­‐‑to-­‐‑atom  approach  is  the  need  to  
assign  electron  density  to  the  constituent  atoms  of  a  molecule;  Mulliken  analysis  has  
fallen  into  disfavor  for  this  purpose  and  some  other  approaches  are  viewed  with  
skepticism.210  The  Natural  Bonding  Orbital  analysis  offers  a  generally  accepted  approach  
to  partitioning  a  molecule’s  electron  density  among  its  atoms.215-­‐‑218  
The  Fukui  function  has  enjoyed  only  limited  application  to  porphyrin  
derivatives,  in  spite  of  its  suitability  for  describing  the  reactions  of  this  electronically  
complex  structure.  Several  efforts  have  explored  metal-­‐‑centered  reactivity  in  
















































Figure  35.  Global  f  –  functions  mapped  to  isodensity  surfaces  (blue  for  positive  values,  
green  for  values  near  zero,  red  for  negative)  and  their  condensed-­‐‑to-­‐‑atom  analogues  
(fa  –  x100)  for  A)  ZnDPP  and  B)  ZnRf2  
Fukui  function  plots  have  been  reported,221,  222  but  none  that  explored  the  regiochemistry  
of  substitutions  upon  the  porphyrin  macrocycle.  
Error!  Reference  source  not  found.  compares  the  Fukui  functions  for  electron  loss  
from  ZnDPP  and  ZnRf2.    These  computational  results  are  confirmed  by  the  known  
experimental  selectivities  in  the  reactions  of  these  porphyrins  with  NBS,  and  they  do  not  
differ  from  what  would  be  predicted  by  frontier  orbital  analysis.  Several  points  are  
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noteworthy:  1)  in  both  cases,  the  global  f  –  maps  resemble  the  HOMO  isosurfaces  2)  the  
largest  fa–  values  are  found  at  carbons  that  lack  hydrogen  atoms  and  therefore  cannot  
undergo  substitution  3)  the  relative  magnitudes  of  these  fa  –  values  appear  to  reflect  the  
relative  reactivities  of  these  two  porphyrins,  where  the  electron-­‐‑deficient  ZnRf2  should  
be  less  susceptible  to  electrophilic  substitution.    This  third  point  should  be  examined  
with  some  caution;  the  absolute  values  of  condensed-­‐‑to-­‐‑atom  Fukui  functions  are  known  
to  depend  upon  system  size.  For  each  porphyrin  the  substitutionally  available  carbon  
with  largest  fa  –  is  that  which  has  been  experimentally  shown  to  undergo  bromination.    
One  strategy  for  influencing  the  site  of  perfluoroalkyl  porphyrin  bromination  
without  requiring  covalent  modification  of  the  porphyrin  skeleton  is  axial  ligation.  The  
porphin  ligand  provides  Zn(II)  with  a  square-­‐‑planar  environment  in  which  the  ion  is  
coordinatively  satisfied,  but  it  is  capable  of  accepting  a  fifth  and  even  sometimes  a  sixth  
ligand.  The  binding  of  these  ligands  results  in  1)  moderation  of  the  first  oxidation  
potential  2)  a  red  shift  of  the  low-­‐‑energy  absorption  maximum  3)  a  change  in  the  relative  
intensities  of  the  Q  bands  lying  in  the  visible  region  of  the  spectrum.223-­‐‑225  These  effects  
result  from  electron  density  transferring  to  the  porphyrin  ring,  particularly  to  the  a2u-­‐‑
derived  occupied  orbital  with  large  amplitude  at  the  nitrogen  atoms  and  meso  
positions.224  A  previous  study  that  presented  Fukui  functions  for  Zn(II)  metalated  
protoporphyrin  IX  featuring  zero,  one,  and  two  axial  ligands  found  little  difference  
















































Figure  36.  (top)  Global  maps  of  f  –  onto  isodensity  surfaces  (blue  for  positive  values,  green  
for  values  near  zero,  red  for  negative)  and  (bottom)  the  corresponding  condensed-­‐‑to-­‐‑atom  
functions  determined  from  NBO  populations  for  A)  ZnRf2  and  B)  Im-­‐‑ZnRf2.  
presence  or  absence  of  the  methyl  imidazole  (MeIm)  axial  ligand  leads  to  differing  
predictions  by  this  metric.  
Addition  of  an  axial  ligand  to  ZnRf2  produces  a  dramatic  change  in  the  Fukui  
functions,  as  can  be  seen  in  Figure  36.  The  f  –  maps  exhibit  a  shift  from  maximum  
polarizability  at  α  and  β  carbons  of  ZnRf2  to  maximum  polarizability  at  the  meso  and  α  
carbons  of  Im-­‐‑ZnRf2.  While  MeIm  ligation  reduces  the  energetic  split  between  the  a1u  
and  a2u  derived  orbitals,  the  HOMO  calculated  for  each  is  the  a1u-­‐‑derived,  pyrrolic  
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Figure  37.  Chemical  structures,  global  f  –    surfaces,  (blue  for  positive  values,  green  for  
values  near  zero,  red  for  negative)  and  condensed-­‐‑to-­‐‑atom  (fa  –  x100)  functions  for  
(left)  ZnRf2E  and  (right)  Im-­‐‑ZnRf2E.  
meso  carbons  swinging  from  -­‐‑1.2  for  ZnRf2  to  6.1  and  6.2  for  Im-­‐‑ZnRf2.  These  
calculations  predict  that  bromination  ZnRf2  in  the  presence  of  a  strong  axial  ligand  such  
as  MeIm  may  lead  to  meso  bromination  products.  
A  similar  analysis  was  also  performed  for  ethyne-­‐‑substituted  ZnRf2E,  with  and  
without  MeIm  ligation  (Figure  37).  For  this  molecule,  the  splitting  between  HOMO  and  
HOMO-­‐‑1  is  very  small,  with  the  a2u-­‐‑derived  orbital  higher  in  energy.  In  spite  of  this,  
both  the  global  and  the  condensed-­‐‑to-­‐‑atom  Fukui  functions  for  ZnRf2E  compare  very  
closely  with  those  for  ZnRf2  above;  the  fa  –  value  is  -­‐‑2.4  at  the  ZnRf2E  free  meso  carbon,  
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and  the  α  and  β  carbons  have  similar  magnitudes  to  those  of  ZnRf2.  It  is  also  noteworthy  
that  the  largest  fa  –  value  is  found  for  the  alkyne  carbon  α  to  the  silyl  group,  though  this  
is  less  apparent  in  the  global  map.    
Axial  MeIm  ligation  to  ZnRf2E  reverses  the  Fukui  functions  in  a  fashion  similar  
to  that  observed  for  ZnRf2.  The  fa–  values  are  commensurate  with  a  favoring  of  the  meso  
over  the  β  position  for  electrophilic  substitution  of  the  ligated  complex.  With  or  without  
the  axial  ligand,  the  largest  values  of  fa  –  for  the  ethynyl  porphyrin  are  found  at  the  
alkyne  carbon  α  to  the  silane.  The  two  significant  aspects  of  these  results  are  that  i)  
Fukui  analysis  for  this  system  could  not  be  trivialized  down  to  frontier  orbital  analysis,  
because  the  two  give  different  results  ii)  Fukui  analysis  suggests  that,  for  ZnRf2E,  axial  
ligation  by  imidizole  may  play  a  crucial  role  in  determining  the  regiochemistry  of  
bromination.  
4.3.2 Synthesis and bromination experiments for (5-
triisopropylsilylethynyl-10,20-
bis[heptafluoropropyl]porphinato)zinc(II) 
The  synthesis  of  porphyrin  Rf2E  could  be  accomplished  in  close  analogy  to  the  
approach  that  yielded  MCQ,  as  outlined  in  Figure  38.  The  condensation  of  pyrrole  with  
dipyrromethane  8  gave  bis(heptafluoropropyl)bilane  9  in  51%  yield,  comparable  to  the  
yield  for  bilane  7.  However,  porphyrin  Rf2E  was  obtained  in  only  6.4%  yield  from  the  
subsequent  reaction  with  triisopropylsilyl  propynal,  and  a  small  amount  of  diethynyl  
porphyrin  RfE2  was  also  recovered.  Such  a  result  suggests  that  individual  condensation    
  89  
  
Figure  38.  Synthetic  scheme  leading  to  porphyrin  Rf2E  and  unexpected  side-­‐‑product  
RfE2.    
steps  are  reversible  under  the  reaction  conditions,  which  may  also  explain  the  low  yield  
of  Rf2E  as  compared  with  the  25%  yield  for  MCQ.    
The  bromination  of  Rf2E  was  explored  by  treatment  with  NBS  in  either  refluxing  
methanol  or  room  temperature  dichloromethane.  In  refluxing  methanol,  rapid  (10  
minute)  conversion  was  observed,  giving  a  product  that  was  more  polar  than  the  
starting  material.  NMR  and  UV/vis  spectral  analysis  demonstrated  that,  rather  than  
resulting  from  bromination  at  either  a  meso  or  β  position,  a  reaction  at  the  triple  bond  
had  occurred  (figure  3.9).  Evidence  for  this  includes  a  downfield  shift  of  1  ppm  in  the  1H  
NMR  peak  corresponding  to  the  triisopropylsilyl  group,  and  a  change  in  the  relative  
intensities  of  the  [0,0]  and  [0,1]  subbands  of  the  visible  Q  transition.  Major  and  minor  
isomers  in  a  ratio  of  ~  1:4  were  evidenced  by  NMR  spectroscopy,  but  these  initially  
formed  products  appeared  to  undergo  further  transformation  during  subsequent    
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Figure  39.  A.  Proton  NMR  spectra  in  chloroform  solvent  of  ZnRf2E  and  the  
products  of  its  reaction  with  NBS  in  refluxing  methanol.  The  presence  of  two  
products  in  ratio  of  ~1:4  is  evidenced  by  the  two  signals  from  meso  protons  at  10.3  
ppm  and  10.4  ppm,  and  somewhat  resolved  beta  proton  signals  at  ~9.5  ppm  and  ~9.7  
ppm.  B.  Electronic  spectra  in  THF  solvent  of  (green)  ZnRf2E  and  (magenta)  the  
products  of  its  treatment  with  NBS  in  refluxing  methanol.    
purification  and  so  more  extensive  analysis  was  not  performed.  In  room  temperature  
dichloromethane,  only  traces  of  products  too  small  to  be  identified  were  observed.  
Inclusion  of  MeIm  ligand  in  either  reaction  condition  led  to  a  similar  result;  starting  
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material  was  recovered  almost  quantitatively  and  any  other  products  were  too  small  in  
quantity  for  analysis.  
4.3.3 Conclusions from bromination experiments guided by 
conceptual DFT calculations 
The  Fukui  function  for  electron  loss  f  −  was  calculated  for  a  series  of  
(porphinato)zinc(II)  complexes  in  the  presence  and  absence  of  methylimidazole  axial  
ligand.  For  molecules  where  DFT-­‐‑calculated  HOMO  and  HOMO-­‐‑1  were  separated  by  
~0.1  eV  or  greater,  qualitative  frontier  orbital  analysis  readily  anticipated  the  f  –  
prediction.  In  cases  where  the  split  between  HOMO  and  HOMO-­‐‑1  was  smaller  than  0.1  
eV,  frontier  orbital  analysis  and  f  –  often  disagreed.  This  finding  suggests  that,  for  
systems  endowed  with  nearly  degenerate  frontier  orbitals  such  as  porphyrin  
macrocycles,  the  Fukui  function  may  offer  a  substantial  improvement  over  traditional  
frontier  orbital  analysis  for  the  prediction  of  reactivity.  
For  all  examples  which  could  be  compared  with  experiment,  the  Fukui  functions  
provided  accurate  predictions  of  the  regiochemistry  for  electrophilic  attack.  The  
investigation  of  NBS-­‐‑mediated  bromination  reactions  for  ZnRf2E  encountered  two  main  
problems.  First,  the  possibility  that  these  reactions  might  occur  at  the  alkyne  was  
ignored,  although  f  –  was  highest  at  an  alkyne  carbon.  Second,  the  potential  for  Lewis  
basic  additives  to  interfere  with  the  brominating  reagents  was  not  considered.  Further  
exploration  of  conditions,  such  as  the  employment  of  other  halogenating  reagents  or  the  
use  of  smaller  quantities  of  axial  ligand,  may  yet  achieve  this  important  reaction.    
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4.4 Progress toward ethyne-bridged oligomers of meso-
perfluoroalkyl porpyrins 
It  can  be  readily  envisioned  that  the  development  of  a  successful  meso-­‐‑
bromination  strategy  for  perfluoroalkyl  porphyrins  would  permit  the  assembly  of  an  
ethyne-­‐‑bridged  dimer  AA  and  an  ethyne-­‐‑bridged  trimer  AAA.  Even  if  the  challenges  
outlined  in  section  3.3  were  overcome,  however,  this  strategy  might  not  be  optimal  if  the  
ultimate  goal  is  to  exploit  the  extraordinary  properties  of  these  materials.  Note  that  the  
synthesis  of  5,10,15-­‐‑tris(heptafluoropropyl)porphyrin  has  been  reported  in  only  4.5%  
yield.84  To  attain  73  mg  of  this  material  required  a  reaction  in  1.6  L  of  refluxing  benzene;  
at  this  rate  the  acquisition  of  one  gram  would  require  a  21.9  L  scale.  5,15-­‐‑
bis(heptafluoropropyl)porphyrin  presents  a  similar  challenge;  we  have  shown  that  
while  Rf2E  can  be  produced  using  less  demanding  conditions  it  is  also  obtained  in  low  
yield.  These  results  suggest  that  low  yields  may  be  endemic  to  the  synthesis  of  
perfluoroalkyl  porphyrins  with  free  meso  postions.  Without  a  resolution  to  this  
challenge,  any  victory  over  the  bromination  problem  would  be  hollow  because  of  the  
bottleneck  at  the  porphyrin  synthesis  step.    
These  observations  motivate  the  consideration  of  electron-­‐‑deficient  porphyrin  
oligomer  synthesis  as  a  wholistic  problem.  One  possible  solution  is  the  simultaneous  
condensation  of  bilane  7  onto  both  ends  of  acetylene  dicarbaldehyde  (ADCA)  as  
illustrated  in  figure  3.10.  ADCA  can  be  synthesized  by  acidolysis  of  its  tetraethoxy  
diacetal;226  in  the  pure  state  it  spontaneously  explodes,  even  under  inert  atmosphere,  but  
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methods  have  been  reported  for  obtaining  high-­‐‑purity  chloroform  solutions  of  this  
reagent.  Reactivity  as  a  Diels-­‐‑Alder  dienophile  and  Michael  acceptor  have  been  most  
frequently  observed  for  ADCA,  but  condensations  of  nucleophiles  directly  with  the  
aldehydes  catalyzed  by  trifluoroacetic  acid  have  been  reported.227  The  success  of  this  
approach  is  thus  not  assured,  but  its  realization  could  afford  multigram  quantities  of  
AA.  
Another  possible  route  to  meso-­‐‑heptafluoropropyl  ethyne-­‐‑bridged  porphyrin  
oligomers  would  exploit  formylethynyl  porphyrin  10  as  outlined  in  figure  3.11.  No  
example  of  a  formylethynyl  porphyrin  has  been  reported,  but  one  can  envision  several  
possible  approaches  to  its  synthesis.  Most  straightforward  is  the  direct  formylation  of  
the  5-­‐‑ethynyl-­‐‑10,15,20-­‐‑tris(heptafluoropropyl)porphyrin  acetylide  with  
dimethylformamide,  but  unfortunately  this  was  found  to  lead  to  decomposition.  A  
formal  formylation,  via  treatment  of  the  acetylide  with  diethyl  phenyl  orthoformate,  
might  provide  better  results,  as  has  been  observed  in  the  synthesis  of  
phenylpropargylaldehyde  diethylacetal.228  The  diethylacetal  of  10  might  also  be  
produced  by  a  condensation  of  bilane  7  with  the  ADCA  monoacetal,  which  is  
commercially  available,  albeit  at  a  high  price.  
A  final  strategy  with  the  potential  to  manifest  a  wealth  of  new  multipigment  
chromophores  would  be  the  synthesis  of  a  heptafluoropropyl  porphyrin  that  
incorporates  a  halogen  surrogate,  such  as  a  triflate  group.  Such  a  structure  might  
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putatively  be  derived  from  an  oxyporphyrin  as  outlined  in  figure  3.12.  One  common  
approach  to  oxyporphyrins  is  the  oxidation  of  a  β-­‐‑octaalkylporphyrin,229-­‐‑231  but  some  
have  also  been  constructed  using  5-­‐‑oxodipyrromethanes  (2,2’-­‐‑dipyrrylketones).  Ketones  
such  as  12  are  unusual  in  that  their  carbonyl  stretches  lie  at  unusually  low  energies  (1580  
–  1610  cm-­‐‑1),232  giving  evidence  of  mesomeric  resonance  contributions  to  their  structures,  
and  their  reductions  with  sodium  borohydride  give  dipyrromethanes.233  
Dipyrrylketones  are  produced  in  high  yield  by  alkaline  hydrogen  peroxide  treatment  of  
dipyrrylthiones,  which  in  turn  can  be  obtained  from  a  mild  reaction  of  pyrrole  and  
thiophosgene.232,  233    
The  carbonyl  group  of  12  sufficiently  deactivates  the  α-­‐‑positions  of  the  pyrroles  
that  acylation  with  heptafluorobutyric  anhydride,  as  was  done  to  make  
dipyrromethanes  2  and  8,  might  not  be  possible;  meanwhile  the  thiocarbonyl  of  11  is  
unlikely  to  be  stable  to  the  successive  electrophilic  and  nucleophilic  steps  required  to  
build  up  a  bilane.  It  seems  likely  that  treatment  of  bilane  7  by  slow  addition  of  
thiophosgene  may  give  the  porphyrinogen  13,  and  this  approach  is  desirable  because  it  
leverages  the  known  accessibility  and  stability  of  7  and  the  high  reactivity  of  
thiophosgene.  From  porphyrinogen  13  it  is  possible  to  envision  oxidation  with  hydrogen  
peroxide  to  the  ketone,  in  analogy  to  the  conversion  of  11  to  12,  and  then  the  final  
oxidation  to  oxyporphyrin  14  using  DDQ;  other  sequences  may  also  lead  to  14.  
Oxyporphyrins  typically  exist  as  a  mixture  that  favors  a  keto  form  with  a  minor  enol  
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component;  they  can  often  be  acetylated  by  treatment  with  acetic  anhydride.234,  235  The  
case  of  14,  which  is  significantly  less  electron-­‐‑rich  than  typical  oxyporphyrins,  would  be  
expected  to  favor  the  enol  tautomer  even  more  than  these  other  examples,  and  so  its  
treatment  with  triflic  anhydride  can  be  expected  to  readily  afford  the  triflate  Rf3OTf.  
4.5 Methods 
4.5.1 Experimental Methods 
Materials:  All  manipulations  were  carried  out  under  argon  previously  
passed  through  an  O2  scrubbing  tower  (Schweitzerhall  R3-­‐‑11G  catalyst)  and  a  drying  
tower  (Linde  3-­‐‑Å  molecular  sieves)  unless  otherwise  stated.  Air  sensitive  materials  were  
handled  in  a  Braun  150-­‐‑M  glove  box.    Standard  Schlenk  techniques  were  employed  to  
manipulate  air-­‐‑sensitive  solutions.    All  solvents  utilized  for  chromatography  in  this  
work  were  obtained  from  Fisher  Scientific  (ACS  grade  except  for  THF,  which  was  
Optima  HPLC  grade).  Dry,  deoxygenated  solvents  were  obtained  from  a  solvent  
purification  system  (Puresolv™,  Innovative  Technologies,  inc.).  All  NMR  solvents  were  
used  as  received.  Silica  gel  and  preparative  size  exclusion  column  chromatography  were  
performed  on  the  bench  top,  using  respectively  silica  gel  (Silicycle,  230–400  mesh)  and  
Bio-­‐‑Rad  Bio-­‐‑Beads  SX-­‐‑1  as  media.  
Instrumentation:  NMR  spectra  were  recorded  on  a  400  MHz  Varian  spectrometer  and  
processed  using  MestReNova  LITE  version  5.2.5-­‐‑4119  software.    Chemical  shifts  for  1H  
NMR  spectra  are  reported  relative  to  the  internal  standard  tetramethylsilane  (TMS)  in  
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deuterated  solvent  (TMS  =0.00  ppm).  All  J  values  are  reported  in  Hertz.  MALDI-­‐‑TOF  
mass  spectroscopic  data  were  obtained  with  an  Applied  Biosystems  Voyager  DE  pro  
instrument  under  the  supervision  of  Dr  George  Dubay  at  Duke  University.  Samples  
were  prepared  as  micromolar  solutions  in  THF,  and  α-­‐‑cyano-­‐‑4-­‐‑hydroxycinnamic  acid  
(CHCA)  or  2-­‐‑(4-­‐‑hydroxyphenylazo)benzoic  acid  (HABA)  were  utilized  as  matrices.    
Absorption  spectra  were  collected  on  a  Shimadzu  Pharmaspec  UV-­‐‑1700  or  a  Cary  5000  
spectrometer.    Emission  and  excitation  spectra  were  collected  on  an  Ediburgh  FLSP  920.      
Pyrrole  was  purchased  from  Fisher  Scientific  and  either  distilled  from  CaH2  or  
passed  through  a  short  plug  of  basic  alumina  before  use.  Triisopropylsilyl  acetylene,  
heptafluorobutyryl  anhydride,  and  methylimidazole  were  purchased  from  Fisher  
Scientific  and  used  as  received.    Heptafluorobutyryl  aldehyde  was  purchased  from  
Matrix  Scientific  in  technical  grade  (>90%  pure);  proton  and  fluorine  NMR  analyses  
determined  that  the  principle  impurity  was  the  aldehyde  hydrate,  and  this  material  was  
used  as  received.  N-­‐‑bromosuccinimide  was  purchased  from  Fisher  scientific  and  
recrystallized  from  water,  then  dried  thoroughly  under  vacuum  before  used.  
Dipyrromethane  was  synthesized  by  the  method  reported  by  Lindsay  et  al..201  1,1-­‐‑Bis(2-­‐‑
pyrrolyl)-­‐‑2,2,3,3,4,4,4-­‐‑heptafluorobutane  was  synthesized  as  reported  by  Wijesekera.200  
3-­‐‑triisopropylsilylpropynal  was  synthesized  as  reported  by  Bourhill  et  al..236    
5-­‐‑Triisopropylsilylethynyl-­‐‑dipyrromethane  (4)  




3.6  mole)  were  combined  in  a  500  mL  round-­‐‑bottomed  flask  with  a  stir  bar.  Argon  was  
bubbled  through  this  solution  for  20  minutes,  then  InCl3  (0.796  g,  3.6  mmol)  was  added  
and  the  flask  quickly  resealed,  this  addition  prompted  an  immediate  darkening  of  the  
reaction  mixture.  After  2  hours  of  stirring  at  65°  C  under  argon,  NaHCO3  (3  g)  was  
added  to  the  green-­‐‑brown  suspension.  A  20  cm  Vigreux  column,  stillhead,  condenser,  
and  vacuum  adapter  were  added,  and  the  pyrrole  distilled  from  the  reaction  under  
reduced  pressure.  The  remaining  residue  was  extracted  three  times  with  boiling  
hexanes,  giving  a  dark  yellow  solution;  from  this  the  solvent  was  stripped  by  rotary  
evaporation.  The  remaining  residue  was  chromatographed  over  silica  eluting  with  
CH2Cl2,  and  the  product  was  then  crystallized  from  a  mixture  of  hexanes  and  CH2Cl2  to  
give  the  title  compound  as  colorless  cubes  (7.4  g,  22.7  mmol,  63%  yield)  
1,9-­‐‑Bis(2,2,3,3,4,4,4-­‐‑heptafluorobutanoyl)-­‐‑5-­‐‑
triisopropylsilylethynyl-­‐‑dipyrromethane  (5)  
5-­‐‑Triisopropylsilylethynyl-­‐‑dipyrromethane  (1.384  g,  4.24  mmol),  
toluene  (60  mL)  and  a  stir  bar  were  combined  in  a  100  mL  round-­‐‑bottomed  flask  which  
was  shielded  from  light  using  aluminum  foil.  The  solution  was  purged  with  argon  for  15  
minutes  before  adding  heptafluorobutyric  anhydride  (5.26  mL,  8.69  g,  21.2  mmol)  by  
syringe.  The  mixture  was  stirred  for  5  hours  under  argon  in  the  dark,  then  poured  into  
100  mL  of  saturated  NaHCO3.  This  mixture  was  extracted  with  several  portions  of  






over  Na2SO4.  After  stripping  the  solvent  by  rotary  evaporation,  the  residue  was  
chromatographed  over  silica  once  eluting  with  CH2Cl2,  and  once  with  CH2Cl2:hexanes  
1:1  to  give  the  title  compound  as  a  brown-­‐‑green  residue  (300  mg,  0.42  mmol,  10%  yield)  
1,9-­‐‑Bis(2,2,3,3,4,4,4-­‐‑heptafluorobutanoyl)-­‐‑5-­‐‑
(heptafluoropropyl)dipyrromethane  (2)  
5-­‐‑(heptafluoropropyl)dipyrromethane  (0.786  g,  2.5  mmol),  30  mL  of  
toluene,  and  a  stir  bar  were  combined  in  a  100  mL  round-­‐‑bottomed  flask  which  was  
shielded  from  light  using  aluminum  foil.  The  solution  was  purged  with  argon  for  15  
minutes  before  adding  heptafluorobutyric  anhydride  (3.10  mL,  5.126  g,  12.5  mmol)  by  
syringe.  The  mixture  was  stirred  for  5  hours  under  argon  in  the  dark,  then  poured  into  
100  mL  of  saturated  NaHCO3.  This  mixture  was  extracted  with  several  portions  of  
CH2Cl2,  with  some  ether  added  to  enhance  the  solubility  of  the  product,  and  the  
combined  organic  layers  were  washed  with  water  and  brine,  then  dried  over  Na2SO4.  
After  stripping  the  solvent  by  rotary  evaporation,  the  residue  was  recrystallized  from  
CH2Cl2  to  give  the  title  compound  as  an  off-­‐‑white  powder  (1.484  g,  2.10  mmol,  84%  














heptafluoropropyl)dipyrromethane  (500  mg,  0.708  mmol)  was  dissolved  in  100  mL  of  a  
1:1  mixture  of  THF  and  methanol  in  a  250  mL  Erlenmeyer  flask  containing  a  stir  bar.  
This  was  shielded  from  light  using  aluminum  foil,  and  then  NaBH4  (268  mg,  7.08  mmol,  
10  eq)  was  added  in  portions  over  ~1  minute  while  stirring  rapidly.  Some  evolution  of  
gas  and  warming  was  observed.  The  mixture  was  stirred  for  2  hours,  at  which  time  TLC  
indicated  that  the  starting  material  was  exhausted.  The  remaining  borohydride  was  
quenched  by  adding  ~10  mL  of  saturated  aqueous  sodium  bicarbonate,  producing  
bubbles  and  a  white  precipitate.  Addition  of  50  mL  of  saturated  aqueous  NH4Cl  
dissolved  the  precipitate,  and  the  reaction  mixture  was  then  reduced  to  2/3  volume  by  
rotary  evaporation.  This  was  extracted  three  times  with  ether,  washed  with  brine,  and  
dried  over  Na2SO4  before  removal  of  solvent  by  rotary  evaporation  left  a  yellow  oil  that  
was  found  to  be  pure  title  compound  in  essentially  quantitative  yield.  This  material  was  
used  immediately  for  subsequent  steps;  it  was  found  to  discolor  during  storage,  even  at  -­‐‑
40  °C.      
5,10,15-­‐‑Tris(heptafluoropropyl)bilane  (7)  
1,9-­‐‑Bis(2,2,3,3,4,4,4-­‐‑heptafluorobutanoyl)-­‐‑5-­‐‑(1,1,2,2,3,3,3-­‐‑
heptafluoropropyl)dipyrromethane  (1g,  1.42  mmol)  and  100  mL  of  
methanol:THF  1:1  were  stirred  in  a  250  mL  Erlenmeyer  flask  shielded  
from  light.  To  this  was  added  NaBH4  (0.536  g,  14.2  mmol,  10  eq)  in  portions  over  ~1  








stirring  continued  for  30  min.  The  mixture  was  then  diluted  with  ether,  washed  with  
NaHCO3,  water,  brine,  and  dried  over  Na2SO4.  The  solvent  was  stripped  by  rotary  
evaporation;  during  this  procedure  the  flask  was  shielded  from  light  with  a  sheet  of  
aluminum  foil  covering  the  bath.  The  resulting  yellow  residue  was  held  under  high  
vacuum  in  a  200  mL  round-­‐‑bottomed  flask  wrapped  in  foil  for  two  hours.  The  flask  was  
then  refilled  with  Ar,  and  a  stir  bar,  THF  (100  mL),  and  pyrrole  (0.229  mL,  3.3  mmol)  
were  added.  A  condenser  was  then  attached,  the  flask  wrapped  in  foil,  and  the  mixture  
heated  at  reflux  for  ½  hour  using  a  mantle  heater  under  a  stream  of  argon.  Concentrated  
HCl  (0.5  mL)  was  then  added  by  syringe  and  reflux  continued  for  three  hours.  The  
mixture  was  then  cooled  to  room  temperature,  diluted  with  water  (~50  mL)  and  
saturated  aqueous  NaHCO3  (~40  mL),  and  stirred  for  20  minutes.  The  mixture  was  then  
extracted  with  ether,  washed  with  brine,  dried  with  Na2CO3,  and  evaporated.  The  
residue  was  chromatographed  over  silica  eluting  with  1%  triethylamine  in  CH2Cl2  to  
give  the  title  compound  as  a  grey  solid  (581  mg,  0.719  mmol,  50.6%  yield).    This  material  
was  used  immediately  in  subsequent  steps,  as  it  was  found  to  convert  to  an  insoluble  
black  material  during  storage.      
  
1,9-­‐‑Bis(2,2,3,3,4,4,4-­‐‑heptafluorobutanoyl)dipyrromethane  (8)  
Dipyrromethane  (2.32  g,  15.9  mmol)  and  a  stir  bar  were  placed  in  





purged  with  argon  for  10  minutes.  Toluene  (150  mL)  was  added  to  this  by  cannula,  and  
the  solution  bubbled  with  argon  for  45  minutes.  Heptafluorobutyric  anhydride  was  
added  by  syringe,  and  the  solution  stirred  for  16  hours  under  argon  atmosphere.  The  
mixture  was  then  added  to  ~200  mL  of  saturated  aqueous  NaHCO3  while  stirring  
rapidly,  diluted  with  diethyl  ether,  and  maintained  this  way  shielded  from  light  for  two  
hours.  The  mixture  was  then  diluted  with  more  water  and  extracted  twice  with  ether.    
The  combined  organic  solutions  were  washed  with  NaHCO3  solution,  brine,  and  dried  
over  Na2CO3  before  removal  of  solvent  by  rotary  evaporation.  The  residue  was  held  
under  high  vacuum  for  16  hours,  then  stirred  in  250  mL  of  boiling  CH2Cl2  for  one  hour.  
Hexanes  (50  mL)  was  added  to  this,  and  the  suspension  chilled  at  5  °C  for  36  hours.  
Recovery  by  suction  filtration  and  washing  with  hexanes  gave  the  product  as  an  off-­‐‑
white  solid  (7.504  g,  13.9  mmol,  87.7%  yield).  
  
5,15-­‐‑Bis(heptafluoropropyl)bilane  (9)  
1,9-­‐‑Bis(2,2,3,3,4,4,4-­‐‑heptafluorobutanoyl)dipyrromethane  (7.523  g,  14.0  
mmol)  and  300  mL  of  methanol:THF  1:1  were  stirred  in  a  500  mL  
Erlenmeyer  flask  shielded  from  light.  NaBH4  (5.30  g,  140  mmol,  10  eq)  was  added  in  
portions  over  the  course  of  ~1  minute  while  stirring  rapidly.  The  solution  was  
maintained  this  way  for  one  hour,  at  which  point  TLC  showed  exhaustion  of  starting  







minutes  before  concentrating  by  rotary  evaporation.    The  resulting  suspension  was  
extracted  twice  with  ether,  and  the  combined  organic  solutions  washed  with  brine,  dried  
over  Na2SO4,  and  evaporated.    After  the  resulting  residue  had  been  held  under  high  
vacuum  for  0.5  hour,  it  was  transferred  to  a  2-­‐‑neck,  100  mL  flask  equipped  with  a  reflux  
condenser,  aluminum  foil  wrapping,  and  stir  bar.    THF  (50  mL)  and  pyrrole  (3.89  mL,  
3.757  g,  56.0  mmol,  4  eq)  were  added,  and  the  solution  was  purged  with  argon  for  1  
hour.  Concentrated  HCl  (1  mL)  was  added  by  syringe,  and  the  solution  was  heated  at  
reflux  for  1.5  hours  using  a  heating  mantle.  The  solution  was  then  cooled  to  room  
temperature  and  added  to  a  saturated  aqueous  solution  of  NaHCO3  (200  mL)  while  
stirring  rapidly.  When  evolution  of  gas  had  ceased,  the  mixture  was  extracted  with  
CH2Cl2  (200  mL),  and  the  organic  phase  was  washed  with  NaHCO3,  brine,  and  then  
dried  over  CaCl2.  After  stripping  off  the  the  solvent  by  rotary  evaporation,  the  residue  
was  chromatographed  twice  over  silica  eluting  with  CH2Cl2  containing  1%  triethylamine  
to  give  the  title  compound  as  a  grey  residue  (4.589  g,  7.17  mmol,  51%  yield).    This  was  




Freshly  prepared  5,10,15-­‐‑Tris(heptafluoropropyl)bilane  was  








This  solution  was  purged  with  argon  for  two  hours.  Simultaneously,  a  solution  of  3-­‐‑
triisopropylsilyl-­‐‑2-­‐‑propynal  (1.34  mL,  5.24  mmol,  1.1  eq)  in  chloroform  (20  mL)  was  
purged  with  argon  for  20  minutes.    BF3•OEt2  (0.3  mL)  was  added  to  the  bilane  solution,  
immediately  darkening  its  color,  and  the  propynal  solution  was  then  added  to  this  over  
~6  hours  by  syringe  pump  while  stirring  under  an  argon  atmosphere  in  the  dark.  After  
stirring  for  two  hours  more,  DDQ  (3.24  g,  14.3  mmol,  3  eq)  dissolved  in  THF  (20  mL)  
was  added  by  syringe.  The  mixture  was  left  under  an  argon  atmosphere  for  one  hour,  
then  opened  to  the  air,  treated  with  0.5  mL  pyridine,  and  heated  briefly  to  reflux.  Upon  
cooling  to  room  temperature,  the  solution  was  pulled  through  a  plug  of  silica  by  suction  
filtration,  and  the  solvent  stripped  by  rotary  evaporation.  The  residue  was  
chromatographed  over  silica  with  CH2Cl2:hexanes  1:1,  CH2Cl2:hexanes  2:8,  
CH2Cl2:hexanes  1:9,  to  give  the  title  compound  as  a  lustrous  purple-­‐‑black  solid  (1.091  g,  
11.1  mmol,  23%  yield).  
  
  [5-­‐‑Triisopropylsilylethynyl-­‐‑10,15,20-­‐‑
tris(heptafluoropropyl)porphinato]zinc(II)    (ZnMCQ)  
5-­‐‑Triisopropylsilylethynyl-­‐‑10,15,20-­‐‑
tris(heptafluoropropyl)porphyrin  (1.005  g,  1.24  mmol)  and  zinc  acetate  dihydrate  (2.73  g,  
12.4  mmol,  10  eq)  were  combined  in  a  500  mL  round-­‐‑bottomed  flask  with  a  stir  bar.  To  








hours.  After  cooling  to  room  temperature,  the  mixture  was  diluted  with  water  and  
extracted  twice  with  CH2Cl2.  The  combined  organic  solutions  were  dried  over  Na2SO4,  
and  the  solvent  stripped  by  rotary  evaporation.  The  residue  was  purified  by  silica  
chromatography;  the  column  was  formed  from  a  slurry  of  silica  in  THF:hexanes  2:98,  
and  the  residue  was  loaded  as  a  hexanes  solution.    Elution  with  hexanes  gave  one  dark  
purple  band  which  was  collected  and  evaporated  down  to  give  the  title  compound  
(0.989  g,  0.935  mmol,  75%  yield).    Analytical  samples  were  further  purified  by  slow  
evaporation  of  a  CH2Cl2:methanol  solution  to  give  0.489  g  of  sparkling  purple-­‐‑black  




tris(heptafluoropropyl)porphinato]zinc(II)  (0.251  g,  0.237  mmol)  was  placed  in  a  50  mL  
round-­‐‑bottomed  flask  with  a  stir  bar.  This  was  sealed  with  a  septum  stopper  and  purged  
with  argon  for  20  minutes.  Simultaneously,  a  solution  of  tetrabutylammonium  fluoride  
(1  M  in  THF,  0.5  mL,  0.5  mmol,  2  eq)  in  30  mL  THF  was  purged  with  argon  while  
cooling  to  0  °C.  The  solution  was  cannulated  into  the  flask  containing  the  porphyrin  and  
this  mixture  was  stirred  at  0  °C  for  10  minutes,  at  which  time  TLC  indicated  that  the  
starting  material  was  exhausted.  The  solution  was  pulled  through  a  short  plug  of  silica,  








over  silica  using  a  5:95  THF:hexanes  mobile  phase;  the  single  purple  band  was  collected  
and  evaporated  down  to  give  the  title  compound  (0.205  g,  0.227  mmol,  95%  yield).  
5-­‐‑Triisopropylsilylethynyl-­‐‑10,20-­‐‑bis(heptafluoropropyl)porphyrin  
(Rf2E)  
Freshly  prepared  5,15-­‐‑bis(heptafluoropropyl)bilane  (4.59  g,  7.17  mmol),  
arong-­‐‑purged  chloroform  (500  mL),  and  a  stir  bar  were  brought  together  in  a  500  mL  
round-­‐‑bottomed  flask  wrapped  in  aluminum  foil.  In  a  separate  flask,  a  solution  of  3-­‐‑
triisopropylsilyl  propynal  (2.02  mL,  1.66  g,  7.88  mmol,  1.1  eq)  in  chloroform  (20  mL)  was  
purged  with  argon  for  20  minutes.  BF3•OEt2  (0.3  mL)  was  added  to  the  bilane  solution,  
and  the  propynal  solution  was  then  added  to  this  by  syringe  pump  over  ~5  hours.  After  
10  more  hours  stirring  under  argon  atmosphere,  the  reaction  was  unsealed  and  treated  
with  DDQ  (4.88  g,  21.5  mmol,  3  eq)  and  triethylamine  (1  mL),  and  briefly  heated  to  
reflux.  The  mixture  was  allowed  to  cool  to  room  temperature  and  suction  filtered  
through  a  plug  of  silica.  After  stripping  of  the  solvent  by  rotary  evaporation,  the  residue  
was  chromatographed  several  times  over  silica  eluting  with  chloroform,  then  
chloroform:hexanes  6:4,  then  chloroform:hexanes  3:7.  Following  this,  the  residue  was  
further  purified  by  preparative  size  exclusion  chromatography  using  SX-­‐‑1  biobeads  with  
a  THF  mobile  phase.  Final  purification  was  accomplished  by  chromatography  over  silica  








yield).    Also  recovered  was  5,15-­‐‑diethynyl-­‐‑10,20-­‐‑bis(heptafluoropropyl)porphyrin  (12  




(0.234  g,  0.284  mmol)  and  zinc  acetate  dihydrate  (0.621  g,  2.83  mmol,  10  eq)  were  
combined  in  a  250  mL  round-­‐‑bottomed  flask.  To  this  was  added  a  stir  bar  and  
CH2Cl2:methanol  1:1  (150  mL),  and  the  flask  was  equipped  with  a  condenser  and  heated  
at  reflux  for  five  hours.  At  the  end  of  this  time,  the  mixture  was  cooled  to  room  
temperature  and  diluted  with  water  (300  mL).  The  organic  layer  was  collected  and  dried  
over  Na2SO4.  The  solvents  were  removed  by  rotary  evaporation,  and  the  residue  
purified  by  silica  chromatography  eluting  with  hexanes:THF  95:5.  Further  purification  
was  accomplished  by  preparative  size-­‐‑exclusion  chromatography  (biobeads  SX-­‐‑1,  THF  
mobile  phase)  and  a  final  silica  column  eluting  with  hexanes:THF  94:6  to  give  the  title  
compound  as  a  purple  solid  (0.205  g,  0.230  mmol,  81%  yield).  
4.5.2 Computational Methods 
Starting  structures  were  generated  using  the  Spartan  Student  package.237  Two  
truncations  were  made  in  the  interest  of  computational  economy;  heptafluoropropyl  








with  trimethylsilyl  groups.    In  the  naming  scheme  used  above,  the  computational  
structures  are  designated  with  ‘prime’  after  their  abbreviation.    
Structure  optimizations  and  single-­‐‑point  energy  calculations  were  performed  
with  Density  Functional  Theory  (DFT)  using  Gaussian  09,  Rev  C.1.41  The  Becke  three-­‐‑
parameter  hybrid42  and  the  Lee-­‐‑Yang-­‐‑Parr  correlation  functional43,  44  were  employed  for  
all  calculations  (B3LYP).    Optimizations  were  performed  without  symmetry  constraints  
(keyword  ‘nosymm’);  initial  optimizations  used  smaller  basis  sets  but  the  final  structures  
were  all  produced  using  tight  optimization  criteria  and  the  6-­‐‑311g  basis  set45-­‐‑53  with  two  
additional  d  functions  (6-­‐‑311G(2d))  as  implemented  in  Gaussian  09.  
Global  Fukui  functions  f  –  and  f  +  were  calculated  by  generating  total  electron  
density  cube  files  for  the  neutral  molecules  and  the  cations  (f  –)  and  anions  (f  +)  using  the  
coordinates  for  the  neutral  species.    The  cubman41  utility  was  used  to  perform  
subtraction  of  the  cation  density  from  the  neutral  (f  –)  or  the  neutral  density  from  the  
anion  (f  +)  to  yield  the  Fukui  cubes.    Global  plots  of  f  –  and  f  +  were  then  produced  by  
mapping  the  neutral  electron  density  calculated  with  0.01  isovalue  onto  these  fukui  
cubes  using  Gaussview  5.193  
Condensed  to  atom  Fukui  functions  fa  –  and  fa  +  were  produced  for  all  the  
porphyrins  studied  using  the  Natural  Bonding  Orbital  package  within  Gaussian  09  
(keyword  ‘pop=nbo’).238  Populations  for  each  atom  in  the  neutral  and  oxidized  or  
reduced  forms  were  recorded,  and  the  neutral  populations  subtracted  from  the  anion  
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populations  (fa  +)  or  the  cation  populations  subtracted  from  the  neutral  populations  (fa  –).    
For  the  isobutene  and  formaldehyde  cases,  the  NBO  determined  fa  –  and  fa  +  are  
compared  with  analogous  values  determined  using  Mulliken  population  analysis  as  
implemented  in  Gaussian  09.  
4.5.3 NMR spectra 
  















Figure  43.  Proton  NMR  spectrum  of  bilane  7  in  deuterated  chloroform  solvent.    
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